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ABSTRACT 


The flash photolysis of volatile alkyl-metals has been used 
as a source of metal atoms for kinetic studies in the eee at 
room temperature. The reactions of several different ground and 
excited state metal atoms have been studied with a variety of substrates. 
Ground state cadmium atoms, from the photolysis of dimethyl- 
cadmium, react with halogen atoms from the co-photolysis of CF x to 
form the Cds, (= br or 0) sadicals. Similer reactions were also 
observed for zinc atoms. 
When the flash photolysis of Cd(CH,), is carried out in the 


presence of methane, ca (PP ) can be detected by absorption spectros- 


eels, 0) 
copy. Using kinetic absorption spectroscopy absolute rate constants 
and Arrhenius parameters have been measured for the first time for 
; e) é * : 
the quenching of the Po 1 state of the cadmium atom with various types 
> 


5) é) , 
of quencher molecules. The Po and Po atoms appear under all experi- 
mental conditions near chemical equilibrium manifesting the role of 


ane siege : ; 
P. atoms in Py photosensitization reactions. 


0 


An activation energy of 2.3 kcal/mole has been measured for 

; a ; é , as re 
the quenching of Cd('P) by ethylene, the first activation energy detecte 
for a quenching process. Data from this study has been combined with 
that of other workers and rate parameters for a series of quenching 
reactions have been calculated. 

Quenching by hydrogen donor molecules results in the formation 
of the CdH radical and the appearance of its known band system in 


the absorption spectrum. 
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shot 


The flash photolysis of trimethylbismuth and trimethylanti- 
mony has been used to produce bismuth and antimony atoms in their 
ground and excited states. Relative rates of quenching of several 
antimony and bismuth states have been measured, and compared where 
possible to other quenching studies. 

When two transitions from an excited state of antimony could 
be monitored, it was found that in some cases the apparent quenching 
rate varied, depending on the particular transition that was monitored. 
This .phenomenon is due to the change in the relative transition pro- 
babilities of the two transitions caused by collisionally induced 
emission. The effect of pressure broadening and the appearance of 
satellite bands in the fluorescence spectrum of the Bi atom have been 


noted and reported. 


General features of excited atom quenching are discussed. 
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CHAPTER I 


INTRODUCTION 


1. Energy Transfer 


Since Cario and Franck (1) demonstrated the occurrence of 
electronic energy transfer from an excited metal atom to another atom 
or molecule, there has been an enormous volume of research expended 
on the phenomenon of photosensitization. Since the energies of 
electronically excited metal atoms are often of the order of those 
of chemical bonds, energy transfer can, in addition to physical 
changes, cause chemical changes as well in the energy acceptor molecule. 
The chemical changes brought about by photosensitization can provide 
valuable information pertaining to the mechanism of energy transfer 
(2-4) and since most metal atoms absorb in the UV region of the 
electromagnetic spectrum (2000 - 5000A), the reactive intermediates 
are produced in the quenching reaction in well defined energy levels, 
usually the ground or first excited states: 

The first step in an atom sensitized reaction is the 


absorption of a photon to create an electronically excited atom: 
Meh a, 


Metal atoms often exhibit an intense transition in a suitable region 
of the spectrum and the radiation corresponding to this transition, 
the resonance line, is then used to excite the metal atom. The excited 


atom may then fluoresce: 
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or interact with substrate in an energy transfer process. Energy 


transfer to a substrate A can lead to decomposition: 
M*e- oA Mor AY (products) 


or to translational, rotation, vibrational, and/or electronic 
excitation: 


*k + A——> M + AX, 


The atomic photosensitization process can thus be divided into three 
consecutive steps: 

i. absorption of light by the atom (and fluorescence in 

the absence of a quencher), 
ii. transfer of energy to the substrate, and 
iii. physical and chemical changes in the substrate. 
Step i. can be established from the absorption and emission spectra of 
the atom. Steps ii. and iii., however, must be inferred from both the 
physical and chemical properties of the donor and acceptor as well as 
effects produced through this interaction. 

The requirements of a good sensitizing agent are: a) af 
chemically inert ground state, b) adequate vapour pressure, c) absorp- 
tion of light of discrete wavelengths, and d) a long excited state 
lifetime. Mercury and many other metal atoms at elevated temperatures 
satisfy all these requirements. Table I-I lists some metal atoms which 
have been used as photosensitizers, the states, their energies and the 


wavelength of the resonance transitions involved. 
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Some Metal Atoms Used as Sensitizers 
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Energy transfer processes have been reviewed recently by 
Callear (5) and can be divided into several categories such as 
vibration-translation and vibration-vibration; only those involving 
the transfer of electronic energies will be discussed here. 

Electronic-vibration and electronic-translation energy 
transfer processes involving less than one electron-volt (eV) of 
energy most often involve spin-orbit relaxation of the excited atom. 
For example, spin-orbit relaxation of Na(“P) occurs at every collision 


with inert gases (6): 


2 pp 
Na ( Ps yo? +Ar — Na Pas2 + Ar. 
Spin-orbit relaxation of mercury: 
3 S) 
He ( Py») + M ee ( Po) ean 


is the major process occurring in the presence of N, and its importance 


2 
in the Hg PP, )-paraffin system has only recently been recognized (7); 
with noble gases it is too slow to measure at ambient temperatures 
(8). Spin-orbit relaxation of Se (4°) (9, Fe(a"D,) C0) As (4°Dg 79) 
(11), and some non-metal atoms (5) has also been studied. 

Attempts to correlate the reciprocal of the spin-orbit 
quenching efficiency to the amount of energy which must go into trans- 
lational modes of the acceptor (taking into account possible vibrational 
activation but ignoring rotational activation) have not met with great 
success, although in general spin-orbit relaxation is more efficient 


the smaller the energy difference between spin states. The discre- 


pancies between experiment and theory are explained in terms of 
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attractive interactions in the transition complex, chemical affinities, 
and tunnelling between potential surfaces (10). 

Electronic energy transfer processes involving energies 
greater than one eV display different characteristics than those 
involving less than one eV. Most of the experimental work on quenching 
and photosensitization reactions of this type has been done with 
Nat Py, Hg (P,), and ca P,) atoms. The quenching of excited sodium 
is almost always of a physical nature since the energy of the 
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is only 48.3 kcal/mole, which in general is not sufficient to bring 
about dissociation of chemical bonds. With mercury and cadmium in 
their first triplet excited states, having 112 and 87 kcal/mole 
excitation energy respectively, both physical and chemical quenching 


are possible. 
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2. Methods of Measuring Quenching Rates 


The two most common methods of measuring quenching rate 
constants are a) measurements of the intensity of fluorescence and 
application of the Stern-Volmer formula (12) (often called the physical 
method); and b) a chemical method based on relative rate measurements. 


For mercury these methods have been discussed in detail (2,3). 


a) Physical Method 
If a cell containing metal atom vapour is irradiated with 


resonance radiation fluorescence will occur: 


M+hv —-> M* (Ia) 


M* ——> M+ hv (1) 


where M and M* represent a metal atom in its ground and excited state 
respectively and Ila and I are the intensities of the exciting and 
fluorescence radiation respectively. If a non-absorbing gas is 

added a quenching process also takes place in competition with 


fluorescence: 
M* + X¥ wm M+e¢+X'., 


If we assume that bimolecular quenching and fluorescence are the only 


processes occurring, steady-state treatment leads to the following 


equations: 


i. in the absence of quencher 
Ta[M] = k,[M*] 


ii. in the presence of quencher 
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Ia[M] = ke [Me] + ke Wed 1X] 


(in the presence of quencher the steady-state concentration of excited 
sensitizer will not in general be the same.) Combining and rearranging 


these equations leads to: 


where Io and I indicate the intensity of emitted resonance radiation 
in the absence and presence of quencher respectively. Thus a plot 

of T/t vs. [X], the concentration of quencher, is a straight line 
having a slope of bg if thes Jitetime. t,, ori te, known (7 = 1/k,) 
the quenching rate constant can be obtained directly. 

In flash photolysis experiments where steady-state treatments 
are not applicable, the intensity of fluorescence is considered to vary 
as the fraction of processes leading to emission compared to all pro- 
cesses taking place. 

i. in the absence of quencher 
k, [M* ] 


oer Kk, Dt] 


I = 1 


ii. in the presence of quencher 


kD] 


ts —__—__ 
k.{M*] + k [M* ][X] 
| q! qe a 


Since the proportionality constant is the same in both cases the Stern- 


Volmer relationship is valid. 


The results of fluorescence quenching experiments are often 
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quoted in terms of classical collision theory, as quenching cross 


, 2 
sections < 107): 


Ae 
e = 22.7 SURE 
Z = beg! Oo (cas [Xx] 


where Z is the classical collision frequency and ut is the reduced mass 


of the colliding pair. This leads to: 
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and the quenching cross sections, af, are often discussed in terms of 
the "superefficiency" or inefficiency of the reaction compared to 
classical collision theory. 

The major disadvantage in applying the Stern-Volmer relation 
is the problem of applying the imprisonment correction to the natural 
lifetime of the excited atom, from which ke is derived. The problem 
of imprisonment of radiation arises from experimental limitations in 
that only the macroscopic properties of the system are being observed. 
The true lifetime of any individual excited atom is constant in all 
systems (except when collisional phenomena are important; this will 
be discussed later). However, if the concentration of metal atoms is 
moderately high, as is the case of most sensitization experiments, 
the emitted radiation from an excited atom can be absorbed by a ground 
state atom, be re-emitted, and so on. The depopulation of the excited 
state is therefore slower, or expressed in another way, the observed 
fluorescence intensity is less than that expected from the natural 
rate of decay of the excited atom. 


There have been several theoretical treatments of imprisonment 
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reviewed and examined in detail for the case of mercury by Michael 
and Yeh (13); however the input parameters for the various theoretical 
calculations are not well known, especially for atoms other than 
mercury. 

Regardless of the absolute value of the quenching cross 
sections, the ratio of any two values determined by a particular 
experimental method is independent of the imprisonment correction 


used. Thus the ratio of two slopes from Stern-Volmer plots becomes: 
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which is independent of k An accurate comparison of quenching cross 


x 
sections can therefore be made without knowing their absolute values 


accurately. 


b) Chemical Method 
This technique, developed by Cvetanovic (3) for mercury 
and by Sato and co-workers (14) for cadmium, is based on competitive 
quenching between a standard and another compound A. For mercury the 


reference quencher is NO: 


Z 
Pee Noe eer eh 0 ae 
2 
Hg* + A =) he + produers ka 
where Hg* represents Hg CP,). The quantum yield of nitrogen in the 


complete quenching region is given by: 
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where @ and 8 are related to the relative quenching cross sections: 
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and B/a = Ka! ky,0” assuming that the products of the reactions do 
not affect the production of nitrogen. These relationships were 
derived from a simplified treatment which does not take into account 
the formation of He P,) (lig?) atoms. Bellas, Rousseau, Strausz phe 
Gunning (15) and others (16) have criticized this method since there 
are significant discrepancies between physical and chemical measure- 
ments. It was suggested (15) that Hg° atoms could be formed by 
quenching with some substrates and could also participate in the 


chemical quenching of N,0, 


2 


Hete+ N,0 ae sheet N, +.0 


thus leading to low values of ae Also, the quenching cross sections 
of some compounds determined by the chemical method appear to be 
dependent on the light intensity (17). 

In 1960 Cundall and Palmer (18) suggested that the cts-trans 
isomerization of butene-2 could be used as a standard for competitive 
determinations of relative quenching rates. Sato and co-workers (19) 


4 ‘ , 3 
used this method in the study of relative rates of quenching of Cd( Py) 


atoms (Cd*): 
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Cd + hv <=> (yaks I, 
*eo+4 a * 
Cd CLs C,H, (or trans) > Cd + C,H, ut 
Cd* + A —— Cd + A! ky 
C,H. +M —> 0.5 ets + 0.5 trans + M. 


Steady-state treatment gives: 


where Ro and R are the rates of isomerization of butene-2 in the 
absence and presence of A, respectively. This treatment assumes that 
only cd(*P,) atoms are present and does not take into account the 
possible formation or reactions of cd PP) (Ca) % 

Recently, flash photolysis has been used to study the 
quenching efficiencies of excited mercury, cadmium, thallium and 
sodium. Callear and co-workers have used mercury (20-25) and cadmium 
(26,27) resonance flash lamps to create large concentrations of the 
respective excited metal atoms. These resonance flash lamps have a 
short duration, high intensity output consisting primarily of the 
metal atom resonance lines. Kinetic absorption spectroscopy was 
used to monitor atomic concentrations; a relatively simple procedure 
and no gross errors of interpretation should occur. This method also 
allows a baseline for atomic decay to be measured and therefore 
imprisonment effects can be directly determined. With cadmium the 
work was carried out at elevated temperatures. 

Brus (28) and independently Bellisio and Davidovits (29) have 


flash photolysed thallium and sodium halides to produce the metal 
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vapour, and studied the quenching of T1(77s T1(6°P and 


3/2)? 


Na(7P) atoms by monitoring the emission lifetimes. Here again high 


1/2)? 


temperatures were necessary to create sufficient vapour pressure of the 
parent compounds, although the temperatures used were not as extreme 


as those necessary to produce the same vapour pressure of the metal. 
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3. The Quenching of Excited Mercury 


The macroscopic characteristics of the quenching of mercury 
by a wide variety of compounds have been established. The electrophilic 
character of Hg* has been established from trends observed between 
O° and certain structural parameters of the quencher, such as the 
number and size of the electron-donating groups, degree of unsatura- 
Cromsset Cans. 30). 

Where unshared electrons are present, it is believed that 
these orbitals represent the initial interaction site with Hg*. For 
example, oxygen, nitrogen, and halogen containing compounds (except 
fluorine) interact with Hg* through their lone electron pairs and 
silicon compounds possibly via the unfilled d orbitals of the silicon 
atoms. 

With paraffins and hydrogen the primary photochemical step 
is the formation of HgH and a radical (31,32). The large kinetic 
isotope effect, ky» observed in the quenching of Hg* by paraffins 
or H, is probably due to a primary isotope effect (30), that is, Hg* 
imberactswdirectly with then atomor the ‘C=H vor H=H “bond. The much 


O, NH, and C,H, was attributed to a secondary 


ts Bs aye : : 
lower kf ky effect for H 3 3h¢ 


Z 
isotope effect. 

Olefins and carbonyls interact through their double bond 
systems exclusively (33) in an extremely efficient energy transfer 
reaction which forms a triplet state olefin or carbonyl and ground 
state mercury. The triplet state olefin or carbonyl may then undergo 


isomerization, fragmentation, or deactivation. 


Interactions of excited mercury atoms with rare gases are of 


Wiiepasce or Denes (sd oust sa € er ege) . 


Ew; aioe) by pppeta Reet r anc? ae®.t) saree ape 


a —=«'SRR £8 NE ie a Ge Poni — — rene 
7 - _ . 
a _ - - = pee 
eee or ee) he er oe eee wsdl wes 
a On 7 
7 7 
Ane oe ; af2) 
—_ 
7 7 _ 
4 7 —_ ; 
t Guty ay ts) : siwl » veucd 
‘ Z ' 
2 2 Ae é ei 7 = 7 : itt © 
a 7 
‘ : : ; . 7 
a . i i : @ @es — B06 ‘nda 
. 7 7 7 
7 ah pr at wrt : bon G e Visieeue ep at a 0 
7 a 7 - > med 
Fa 1 
= - 7 7 
o. : ' 7 " @22 
eG > 7 7 
Sos : ee 
_ i : : 
7 = iw —< 7 * 7 > ates 
— 
_ _ 7 a - 7 7 
a os an’ Catt re 
a 7 
_ ‘ages -e 5 ee) OG GattaS et dite af 5202) 
a 7 _ 7 _ 
a ee 7 — ue /? J "7 a : ws see? 


- —_ ‘a 4 _ . | 
ae _ = ha jaws) ca as ia re tan call s 
364 (ae —- —— ies a 


> Het=t > i wethe : sigpare 


14 


interest because the quenching reaction is restricted to photophysical 
processes. The quenching rates are slow, but not negligible (0.1A < 
ee < 0.942) (8). Oldenberg (34) observed fluorescence bands on both 
sides of the mercury resonance line in the presence of rare gases. 

In the presence of helium and neon one band on the short-wavelength 
Side of the 2537A line was observed, while in Ar, Kr and Xe two 
diffuse bands appeared in the same region. In addition to these band 
systems, discrete bands on the long-wavelength side of the resonance 
line were also observed in the presence of argon and krypton. Preston 
(35) also found emission bands associated with 13 lines of the mercury 
discharge spectra, with 12 lines of cadmium, and with 6 lines of 
tellurium in the presence of He and Ar: 

Various proposals have been put forward to explain the origin 
of this band fluorescence. Kuhn (36) suggested that the bands originated 
from transitions between repulsive branches of the ground and excited 
state potential surfaces. Jefimenko (3/7) showed that the presence of 
auxiliary minima and maxima in the excited potential energy curve 
could adequately explain these satellite bands. On the other hand 
Leycuras (38) suggested that local perturbations of the optical electron 
oscillations during collision were responsible for emission of light 
other than the resonance line. Fiutak and Frackoweak (39) pointed 
out that the electronic correlation and potential energy relations of 
the Hg-Ar van der Waals molecule would lead to slightly bonding states 
for ithetground state ‘of mercury as well asthe Hg*-Ar) state. 

Jablonski (40) proposed that quenching of Hg* by the rare 


gases was due to crossings of the repulsive potential curves representing 
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the Hg* - M and Hg - M surfaces. Laidler (41) proposed that the 
quenching reaction also involves a strongly attractive fe -M. 
polar or ionic curve, which then intersects with the Hg-M surface. 
Neither of these theories explain the band fluorescence observed. 
Gunning, Penzes, Sandhu and Strausz have shown (8) however that 
quenching of Hg* by noble gases occurs exclusively by radiative dissipa- 
tion of the energy of the Hg* - M complex. Simple Lennard-Jones 
potential curves for the Hg* - M and Hg - M systems indicated that 
within reasonable limits, crossing to the ground state as proposed 
by Jablonski is of little importance. All the band systems observed 
could be assigned to transitions between quantized levels of the van 
der Waals molecules, Hg* - M and Hg - M (42). 

The intervention of complex formation between an excited 
species and a ground state molecule has been proposed in several other 
systems. Structureless emission and absorption bands associated with 
particular spectral lines of the alkali metals observed in the eye 
noble gas and tet eer an systems have been attributed to excited 
complexes (43,44). Mercury also forms a variety of complexes with 
paraffins, alcohols, and ammonia (7,45,46,47) and band emission from a 
Cd* - NH, complex has been detected (48). These band emissions are 
usually on the long-wavelength side of the particular atomic resonance 
line, often separated from the resonance line by many tens of angstrom 
units, indicating a significant binding energy. It is thus essential 
to include the formation of intermediate complexes in the mechanism of 
deactivation of Hg* and of other excited species. 


A general mechanism for the quenching of Hg*, taken from 
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reference (7) can be described as follows: 


° 
Hg ("S)) + hy (2537A) 
Hg * 
A + Hg* 


(HgA)* 


Hoe> + He + A 


Hg* 

Hg + hv (2537) 
(HgA) * 

Hg + A' (products) 
Hg® +A 

He + A + hv' 


Hg + hy(2656A) 


pos ae 


(HgA) © 
Hg + A‘ (products) 
He + A + ho" 


Hg’ pies 


In general the formation of the van der Waals complex (HgA)* 


is the initial step. 


ground state Hg 


(HgA) rs 


— 


This complex may then decompose via quenching to 


He + A' 


(where A' may be products or excited substrate), spin-orbit relaxation: 


(HgA)* 


or emission: 


—> 


Hg° +A 
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Analogous reaction may occur for Hg®. The relative importance of each 
mode of reaction will depend not only on the accessability of a 
particular reaction surface, but also on the competitive rates of 


processes into different channels. 
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4. The Quenching of Cadmium (p) Atoms 


In order to better understand mercury photosensitization early 
workers (49-53) also studied the analogous cadmium GE® reactions. 
Since the electronic properties of Hg* and Cd* were believed to be 
identical it was felt that the role of energy, being the only variable, 
could be discerned. In fact the temperatures necessary to produce 
sufficient cadmium vapour pressure for cadmium sensitization resulted 
in experimental difficulties, restricted the choice of substrates, 
and complicated the evaluation of experimental data. Thus cadmium 
sensitization reactions have not been as well documented as those of 
mercury. 

Bates and Taylor (49,50) and Steacie and LeRoy (51-53) 
carried out some early qualitative work and found that the reactions 
of Cd* paralleled those of Hg* but that Cd* caused much less decomposi- 
tion. 

Bender (54) and independently Olsen (55) had shown that the 


reaction 


cd* + H, cde 8) 


occurred when a mixture of cadmium and hydrogen was irradiated with 
3261A light. Since HgH bands had not been observed in the Hg* + H, 
system early workers concluded that there was a fundamental difference 
between Hg* and Cd* photosensitization. Steaaie and LeRoy (56) showed 


that with paraffins the analogous reaction 


Cd* + RH ———> Cda +R 


~~ gigs tt ue be 4 


_ - 

ei sgiS ests L@nic2 7, ite eee Srrah Sein al at ae a 

Ac iays s) (9 combi aan oe ib Teepe ote iient pam i" 
' 7 

‘ Gg eFt eae Gey Alin irre 66: cei Sieg st sarki 


7 : . 
sea tan @d fa03 ett p fi,4 . eas 4 (i » in? 7 ai = a la’ : Site 


ee Ge a 5 ‘ 7 oi wd) é ‘2 : 7) & Lae? oe ass es bhwe a | 
’ - 
; . ? a 
ST Veen, We beaes7.ia'F Ve a i ie i). Sh “sy nite ” sent 
| 7 a yi. - x ee 
wO_ (72 w& 4 reied é ( ee) ‘ee TL f eb bdival ‘Tih  eiteioemins 


a 


. a 
_ : : 6 
enligs Qiust; .Gr¥ H hVaypes > wu ives 4 ie) wite. 4 = ri — 

i> eat) on imdneou: Listes A 7 Quire Fee “wikis wun ene xe 

inde, 
7 7? _ 7 
7 tis 3 j ea tp 4 ico f, Nivel} § ve) ah (45 er wera 

bas mer (eis 5 e&d jar if ri bj is Pb jut f = ways my bet m 


é j : oad as —_ 4 7 7 ju, JT ‘ jib! U snvds sststnaay 10% = _ 


' ri 
: : _ a6 7 i es — é Le 
| < ge anh ‘oubeny) wir IZkY sunkis, yousienntatind ud) (igh mandi 
7 oe = ' 7 
_ 
- is (pak i eee! } , . 3) ’ 
- Al : ' 7 v) 4 — a ** iy : 


oo a: i 
 Ahithe Raeaie heat. Wes enar hig si a pombe ee “reise © itil 


7 7 ae Pca wei ow 9 oo tee a all oes # aon bana ‘i aie wall 
— 
ne ye 7 e = 1 ban notien! ory te 
6: ~ <a > he n 
29 ity at) wear “ cielo sis Saag me Mate 
ut - F 

> 1 


a a ee 


-_ gates 


— 


a : “WV 
hy. its ne 4 | 


’ 


a 


19 


also occurred. The formation of CdH is energetically necessary since 
in hydrogen and paraffins containing only primary and secondary 
hydrogens, the H-R bond strengths are of the order of 100 kcal/mole, 
while the Cd* can only supply 87 kcal/mole. To make hydrogen abstrac- 
tion energetically feasible, the 15.5 kcal/mole bond strength of CdH 
(57) must be utilized. In the case of mercury, energetic considerations 
do not necessitate the formation of HgH, and in fact HgH was not 
detected in the mercury photosensitization of hydrogen or paraffins 
until recently (31,32). CdH was not observed in the sensitization of 
ethylene although ethylene quenched Cd* very efficiently. 

The first quantitative study of Cd* quenching was undertaken 
by Lipson and Mitchell (58) who applied the Stern-Volmer relation to 
fluorescence measurements. Although quenching measurements can not 
be extended to mechanistic interpretations, they discussed the possibility 


of a primary process in Cd* + H, leading to vibrationally excited H 


2 Z 


rather than to bond cleavage: 


I iseise + Z 
Cd* + Hy oy pure cereGd tak ie, 


Lipson and Mitchell also discussed the possibility of spin-orbit 


relaxation from the cd(7P,) to the cd(7P,) states: 
Cd* + A ee a 


Should this reaction occur, the observed rate of quenching of Cd* 
would be faster than that of deactivation to the ground state. They 


concluded that it may be importance as the reverse reaction would be 


slow. 
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Steacie and LeRoy (59) repeated Lipson and Mitchell's 
experiments, and extended this work to a greater range of compounds. 
Their results, together with those of Lipson and Mitchell, and some 
results for Hg* and Natces are listed in Table I-II. Similar trends 
in quenching efficiency with the nature of the quencher are seen 
with all three sensitizers. 

Agius and Darwent (60) studied the Cd* photosensitization of 
propane and found the quantum yield of hydrogen to be near unity over 
a wide range of pressures implying, along with other experimental data, 


the reactions: 


Cd* + CH ceaeceg gy S(O Bea CHO 


COM Mee Cdack i 


Heer C,H, rare CHO ot H,, 


They also discussed the possible role of Cd° concluding that since 

only 1.6 kcal/mole separate the spin states, any Cd* quenched to the 

Cd° state could be rapidly reactivated, and thus quenching by Cd° should 
be of "little “importance. 

Sato and co-workers have carried out a systematic investigation 
on cadmium photosensitization reactions. In the Cd* photosensitization 
of acetylene (61), acetone (62), as well as some olefins (63,64) they 
found that the modes of decomposition generally paralleled those of Hg*, 
with minor discrepancies consistent with the smaller amount of energy 
available in Cd*. Relative rates of Cd* quenching (65-67) were measured 
using the butene-2 technique outlined earlier and the results, along 


with some for Hg*, triplet benzene, and triplet acetone, included for 
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TABLE I-11 


° 
Some Quenching Cross Sections for Cd, Hg, and Na G4) 


Substrate SN Da) 
Hy Sie 
dD, 700 
NH 0052 
CoH, 24.9 
CAH. Ps etl 
1-C) He Dee 
2-C)He 3026 
CHE 28.4 
CoH, 2240 
cyclo-C,H, Oy fick 
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Dien reference (58). 


“From reference (7). 


d 


Re (no Wo INl@remslein ancl WW. 


ihe Brn Ae E28) 


Je TSb 
Cd ( Pp) 


Hg (7P,)° 


no 


16 


NacPy 


7.4 


44.0 
yee) 
58.0 
58.0 


715.0 


Macks Smith; Proc. Roy. Soc... Al/6, 


yal 


. if “Sota eral: - 


7.0 sé, & ; 


Lat ei 0 ob . 
Bose sh0.0 529.0 
GO. di ENS e.48 
Geet: i,es a 
0,82. bd 
0.88 «GE a”s 
OueX bas 
$8 
at & S40 ru polis ; 
(OS) conta seats” 


a 


AGL) ss oirOeteg MTT”). = 
ro i 


A\) 430wteiws mit a 


atLs ¢9o0e YOR pert etter .Toa .9 fee belo, ae p<, 


= 


_ 


Lower). eee _ 


22 


comparison, are shown in Table I-III. Sato et al. noted that trends 
in the quenching efficiency of Cd* follow those of Hg* but the 
absolute values are significantly different from those of triplet 
benzene or acetone despite the fact that the energies of Cd* and triplet 
benzene are very similar. They concluded that chemical and physical 
properties of the donor and acceptor such as electronic states and 
chemical affinities are the significant factors determining the 
properties of a sensitizer, rather than the amount of energy available 
in the sensitizer. 

Sato et al. (63) studied the Cd* photosensitized intercon- 


version of ets, trans, and gemtnal ethylene-d These authors proposed 


5° 
three intermediates in the reaction of Cd* + ethylene, contrary to the 


situation in the analogous Hg* reaction where only two intermediates 


were necessary to satisfactorily explain the observed kinetics of the 


reaction (68). The mechanism proposed is: 
Cdr i ——> Eb 4 cd 
EX Sauce, alles Steel 
c iE 
Ex —> ExX* —> EX -——> EF +E +E 
e le g 
EXx* —> a 
ie 
E — EB +E +E 
c 1e g 


where E represents any one of ethylene-d, isomers and Ea? EY and es 
represent the ets, trans, and geminal ethylene-d, respectively. By 
analogy with the results for mercury, the authors identified E* and 


E** as triplet ethylene and triplet ethylidene and proposed that E 
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Substrate 


Ethylene 
Propylene 
1-Butene 
2-Butene 
Isobutene 
Butadiene 


Acetylene 


ot 
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TABLE I-2if 


Some Relative Quenching Efficiencies 


cd(7P,)* ig (7P,)? Benzene meses? 
1:03 0.90 0.25 O26 
E18 0793 0.47 0533 
1.08 Owod dpe 
(1.00)* (1.00) (1.00) (1.00) 
ae OF 22 D227 0.66 
13 0.93 doy 870. 
1.03 0.83 0015 


Quenching efficiencies are expressed relative to 2-butene. 


“From reference C65) 


ae Tererence (3), Dp. 6/. 


“A. Morikawa and R. J. Cvetanovic, Can. J. Chem., 46, 1615 


(1968). 
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C1962) 


Re Be Rebbert and P. Ausloos, J. Amer. Chem. Soe., 8/7, 5569 
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may be vibrationally excited ground state ethylene. The products of an 
extended photolysis are the three possible isomers produced in equal 
amounts regardless of the geometry of the starting dideuteroethylene. 
A similar study of Hunziker (69) largely confirmed the results of 
Sato et al., and lead to the postulation of the same three intermediates. 

The quantum yield of ethylene decomposition in the Cd* photo- 
sensitization reaction is very small, of the order of ie (64) since 
the excitation energy of Cd* is not high enough to produce triplet 
ethylidene with sufficient internal energy to undergo decomposition to 
any extent. The minor products detected; ethane, acetylene, and n- 
butane, are accounted for by the small degree of decomposition of 
triplet ethylidene to give acetylene and hydrogen, and subsequent 
reactions of these with Cd*, 

Kalra and Knight (70,71) have studied the Cd* photosensitization 
of acetone and cyclohexane. The reaction with acetone produces a 
triplet acetone molecule which decomposes either directly or in two 
steps to give CO and two methyl radicals. As with other paraffins 
studied, the primary step in the Cd* photosensitization of cyclohexane 
is hydrogen abstraction, with a primary quantum yield of unity. 

Breckenridge and Callear (26,27) have studied some reactions 
of Cd* and Cd° by flash photolysis and kinetic spectroscopy, and found 


that the relative rates’ of the reactions: 
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' correlate very well with exp (-AE /RT) where AE is the change in 
internal energy of the reaction at O°K. Since the results of this 
study are pertinent to the present work, they will be discussed in 


pare blel.-in Chapter V. 
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5. Other Metal Atoms Studied 


of alkali metals, thallium, and lead, in flames (72-76). 
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Jenkins has carried out extensive studies on the quenching 


The results 


of these physical measurements, obtained at temperatures between 1400 


and 1800°K> are listed in Table 


probable reaction mechanism for 


CTT )x 
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if 2 


1/2 
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emissions were 


separately monitored, the quenching rate obtained from the slope of 


Stern-Volmer plots would be a complex average of k 


including kk. or k 


1 -1° 


2 


3? often 


The exact form of this complex average would 


depend on the means of excitation, and the methods used to monitor 


the emission. 


sie ky 


and ky 
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are large compared to k 


and kes a valid 


assumption for measurements in flames, the data obtained from Stern- 


Volmer plots correspond to kos 


(kites ho tek 
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equals k, or 


transition used to excite or monitor the metal. 


or to the average value (k 


Kotikaik 


gkytkak_1)/ 


not, respectively, regardless of the 


The author discussed 


the results in terms of Laidler's theory of ionic potential surfaces 


(41) but admitted that the lack of data allowing critical evaluation of 
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28 
this theory severely restrict such interpretations. 
Jenkins explained some of the large quenching cross sections 
in Table I-IV in terms of a chemical reaction between the excited metal 


atom and the substrate, for example Na(°P) + CO, but this makes the 


small cross section observed for CRS + He exceptional in that 
reaction between DiGas dy and H, fossorn «Li ats known, 4/3). lhe 
TL Gri vi) state may undergo two radiative transitions: 
11 G4S eee (ae? 776k 
2 172. 
TCT ee ee rG Bn) CSO) 
1/2 3/2 : 


Jenkins monitored only the 3776A transition and it will be shown that 
collisional effects which cannot be detected unless both transitions 
are monitored may cause erroneous results. 

The measurements of Bellisio et al. (79) and those of 
McGillis and Krause (80) on Cs and Rb, obtained at much lower tempera- 
tures, confirmed Jenkins results. 

Brus (28) has studied the quenching of Na(7P) and “Of 
T1(7s 


by Is I,; HL. eo and the respective metal halides at 


1/2? pia? 
different velocities of the colliding species. He found that the 


quenching rate of Na(°P) with I, decreases with increasing relative 


2 
velocity, and discusses some of the results in terms of the molecular 
beam "harpooning" mechanism, a mechanism similar to the one proposed 
by Laidler”’(41). Brus pointed out that not all of “his results were 

consistent with a harpooning mechanism, and discussed several of the 
quenching processes, for example T1* + T1I where a stable complex is 


known to occur, in terms of chemical affinities. He concluded that no 


large activation energy is involved in the quenching process. 
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62 °9F lash Photolysis 


Flash photolysis is an experimental technique for the rapid 
initiation of change and direct observation of the transient inter- 
mediates involved. It utilizes an intense flash of visible or ultra- 
violet radiation whose duration is short compared with that of the 
changes which are to be observed. By this means, a material of short 
lifetime may be produced in quantities large enough to be detected by 
absorption spectroscopy and other physical methods. 

A typical flash photolysis arrangement consists of three 
parts: 

1. A photolysis flash for producing a short pulse of light 
of very high intensity along with associated energy storage units - 
usually condensers - and equipment for charging and initiating the 
discharge (triggering). 

2. A reaction vessel with associated thermostats and filters, 
and a reflector to condense light from the photolysis flash. 

3. Some arrangement for physical detection and estimation of 
transient intermediates. Absorption spectroscopy is the method 
commonly adopted and the two principal techniques are as follows: 

(a) A second spectroflash, of short duration, timed to fire at any 
required interval after the photolysis flash, and a spectrograph. The 
spectroflash gives essentially continuous light which records the 
absorption spectra of reaction intermediates photographically in a 
single flash of a few microseconds duration. (b) A monochromatic 
source (e.g. a tungsten lamp and monochromator), the light from which 


is collimated and passed through the reaction vessel, an electronic 
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detector and a rapid recorder (e.g. photomultiplier cell and oscillo- 
graph). 

Flash photolysis was developed by Porter and Norrish in 
1947 (81,82) and since then has been used in a great many fields of 
chemistry and physics. A detailed account of the method and of the 
many hundreds of publications which describe its applications is 
beyond the scope of this introduction, and several reviews of flash 
photolysis have appeared recently (83,84). A brief outline demonstrat- 
ing some types of applications of flash photolysis follows. 

Flash photolysis has two major applications. (a) With this 
technique it is possible to record spectra of the excited states of 
molecules, and of unstable radical species generated by the photolysis 
flash. An example of the first is the determination of energies of 
the upper triplet levels of benzene, a problem which had eluded 
solution before the application of flash photolysis (85). Spectra of 
unstable species observed by means of flash photolysis include CH, and 
NH, , as well as many others, discussed in detail by Herzberg (57). In 
some instances these transient species can be produced by other means 
such as electric discharge or flames, but usually much better spectra 
and therefore much more information can be obtained under the mild 
conditions encountered in a flash system since relatively few reactive 
intermediates are produced. 

(b) Flash photolysis has seen its greatest use in the study 
of fast reaction kinetics. A great variety of species, such as the 
excited states of stable molecules and atoms, as well as those of free 


radicals, have been studied by this method (83,84). Callear and 
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co-workers have studied many atomic species in the gas phase, generating 
them by flash photolysing some suitable parent compound. For example, 
the rates of spin-orbit relaxation of Fe, Se, and As have been measured, 
the metal atoms being produced by the flashing of Fe (CO) ., CcOSe, 

and AsC1, respectively. Davidovits (79) and Brus (28) studied the 
quenching of excited Na and Tl via the flash photolysis of the 
appropriate metal halide. Basco and Yee (86,87) generated metal atoms 
in tiein eroud andsercitad stares,wane recorded tne spectra of free 


Fe 
x 


radical intermediates from the flash photolysis of phosphine, arsine, 
and stibene, as well as the halides of these metals. The use of 
flash photolysis to study the quenching of mercury and cadmium has 
been mentioned, although in these cases the metal vapours were 
irradiated. 

Techniques and instrumentation of flash photolysis are 
constantly improving. Time resolution is now well into the nano- 
second region and rapidly proceeding into the picosecond range (88). 


Knowledge of fast reaction kinetics will continue to increase with 


the development of this technique to the theoretical limit of 10 sec. 
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aie Objectives of the Present Study 


The quenching reactions of mercury are well documented and 
a comprehensive mechanism for the energy transfer process with 
paraffins and noble gases has emerged. Similarly, much work has been 
reported on the quenching reactions of cadmium and the alkali metals, 
but since the measurements were carried out at elevated temperatures, 
mechanistic interpretations cannot be derived with certainty. For 
similar reasons, only scattered reports on the gas phase quenching 
reactions of other metal atoms are available. In studies where metal 
vapour was created in the gas phase by flash photolysis, high 
temperatures were also necessary to produce sufficient vapour pressure 
of the parent compound and in these cases interference from un- 
photolyzed parent compound and other photolysis products often 
complicate the evaluation of experimental data. 

Many metals form stable, volatile, alkyl-metal compounds. 
Their absorption spectra, usually a continuum in the far UV, are well 
known (89-91), and it has long been known that these metal-alkyls 
readily photodissociate to produce the metal atom and alkyl radicals 
(89). Studies of free radicals produced by the photodecomposition of 
zinc, cadmium, mercury, and lead alkyls have been extensively 
reported (92). 

The photolysis of metal alkyls therefore appeared to be an 
excellent method of generating metal atoms in the gas phase; because 
of: their high vapour pressures, experiments could be conducted at 


ambient temperatures and relatively simple kinetics should obtain. 
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Another interesting facet to this system is that the reactions of 
ground state atoms, about which little is known, can be examined. 

It was therefore decided to begin a systematic study of 
the room temperature quenching reactions of Cd* atoms produced by 
the flash photolysis of dimethylcadmium, to assess the role of Cd° 
atoms, and to elucidate the nature of the quenching processes within 
the framework of the Hg* system. 

Since the method proved successful, it was applied to the 
study of the quenching reactions of other metal atoms such as antimony 
and bismuth. Since this would have been the first systematic study of 
the gas phase quenching reactions of a variety of metal atoms measured 
under identical conditions, it was hoped that the energy transfer 
process could be rationalized in terms of such variables as electronic 


states of the metal atoms and physical parameters of the quenching atom. 
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CHAPTER II 


EXPERIMENTAL 


1. Materials 

The materials used without purification, their sources and 
stated purities are listed in Table II-I. The alkyl-metal compounds 
were tested spectroscopically and found to be free of metal impurities. 
Argon was analyzed mass spectrometrically and found to be 99.8 mole % 
pure, the major impurity being nitrogen, with negligible amounts of 
water and oxygen. Materials which were purified, their sources and 
details of purification are listed in Table II-Il1. 

Hydrogen and nitrogen were purified by passing the gas over 
hot copper turnings and then through a molecular sieve at -78°C. 


Oxygen in the H, or Ny stream reacts to form water or copper oxide at 


Z 
the copper surface and water is removed by the molecular sieve. Mass 
spectrometric analysis showed both gases to be 99.9 mole & pure. 


All gases condensable at -196°C were passed through repeated 


freeze-pump-thaw cycles. 
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Source and Purity of Materials Used 


o's) 


Compound Source Purity 

Cd (CH) 5 Alfa Inorganics See text 

Zn(CH,). Alfa Inorganics See text 

Sb(CH,), Alfa Inorganics See text 

Bi(CH,)., Alfa Inorganics See text 

Methane Matheson 992990 mpLe7, 

Ethylene Phillips eh meio) 

Isobutane Phillips Siig shs: 

Propylene Pitti ps 99.97 

Hydrogen Airco Assayed Reagent Grade 
Nitrogen Airco Assayed Reagent Grade 
Oxygen Airco Assayed Reagent Grade 
Ethane Airco Assayed Reagent Grade 
CO Airco Assayed Reagent Grade 
co, Airco Assayed Reagent Grade 
Xe Airco Assayed Reagent Grade 
Kr Airco Assayed Reagent Grade 
Acetylene Airco Assayed Reagent Grade 
D Matheson Sees 
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TABLE II-II 


SouUscewand shiitete VCarloneOLeMatena ads 


Compound Source Purification Method 
ets and trans Phillips Separated by preparative 
butene-2 gas chromatography 
CHF Matheson Distilled from an isopentane 
slush 
ets and trans Peninsular Distilled from an isopentane 
CHHSF, slush and separated by 
preparative gas chromatography 
1,1-C,HAF, Matheson Distilled from an isopentane 
slush 
CHF, Peninsular Distilled from an n-pentane 
slush 
Gar Matheson Distilled from a methyl- 
24 
cyclohexane slush 
SiH,CH Merke, Sharp and Distilled from an isopentane 
PS 
Dohme slush 
Hydrogen Canadian Liquid Air See text 


Nitrogen Canadian Liquid Air See text 
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2. Apparatus 


a) Vacuum System 

A conventional high vacuum system evacuated to Tey torr 
by a two-stage mercury diffusion pump was used for some gas handling 
and for evacuation of the cell. A mercury free high vacuum system 
evacuated to less than ue torr by a three-stage oil diffusion pump was 
used for filling the flash lamps and handling the alkyl-metal compounds. 
Mercury manometers, a McLeod gauge, and Pirani tubes were used to 
measure pressures in the conventional vacuum system, and a Wallace and 
Tiernan absolute pressure gauge and Pirani tubes were used on the 


mercury-free system. 


b) Flash Photolysis Apparatus 

The flash photolysis apparatus consists of a thermostated 
reactor housing lined with aluminum, a flash photolysis lamp (photo- 
lamp), a flash spectroscopic lamp (spec-lamp) and the associated optical 
and electronic components. 

i. Optical System 

The optical system, illustrated in Figure 2-1, consists of 
the photo-lamp parallel to the cell; the spec-lamp, a collimating lens, 
the reaction cell, a focusing lens, and a Hilger-Watts large quartz 
spectrograph positioned along the optical axis. A Hilger-Watts 
medium quartz spectrograph was used for some determinations. The 
photo-lamp, 750 mm long and 22 mm in diameter, was filled with 50 torr 
of.xenon. It was powered by a 60 UF capacitor charged to 10 kilovolts 
or by a 15 uF capacitor charged to 20 kV, both capacitors containing 


3000 joules of energy. The spec-lamp, designed to approximate a point 


. . _ 


— 
_ 
<- aga J : 


_, 
mmpeae i 4 

- 
7 


T09 on "Oi .a3 Lad atidaver vmetaee mire tats aheduhidndal A 
ocithanl ong, sd604 TOP beeu ee Relhy oie th wwrtss sgntos re 


ds teye- ciujey “yin eait yvotoH / thes ely 10 nelsaionve: 02) call 
né 


Bh ee . - 
awy qui UGISNITTh ito sgsre-aerls x qd roe ’T al. nity aael 08 bade 


hee 
.sbavoqwo» I6tom-l ville Sa9 adtl bine bet vganl pet? ofa gilLtn — basw - 
- 


an bats eebW aeddd Jnertt hoe ,¢eeeg SonluN « ,aaeeeeeAN 


hinovblLinhn & DS , Sees oY LAgoriis79o GNI Af SAINeSOTG ote —— 


- 
is Go teen Wise waiini taav't bee oAuan gPneeS TH sivleeds aun 


a ree a P 

ones aaa eymueaeme 

a) 

avieavgends theylapomt dual (Cd fn 7 


hj 741 fara’) it id) #0 car W019 Gy oe LP | Sees brevis hint dwelt att 
Me ’ 


-_ 


paeil4); @adl atgulaih, dont: a. ees Yau! yp lerw bend gdteumt ‘thd 968s 


-_ 
_ 
a 
os 
3 


iw apaieoes ,f-2 Freer ql beperishl” Vio leys favitan eet ay 


Je3pIq6 hesaiaouin Bi Uae (qari. seqr) pom sBqagues 34606 draft « » Cat B 
lreerojmos lnoioets bre 


mreys (acti, ft 


hel Gutasatilea & ,@ie | -vaqgy sh it su Sik ad toliensy guakvdnne wg 


sash ogre ayunWers ei til ew bine & , el. entaung? & «iles wold anes ds - 


a 
i> 


adtav-roehth i 28x Ter kaqn. Silt gitbig ie he bt bering New egor > 
_ at 
: ait -ancamnaninrsae b ems 9) Desh ehw Qs yale behiaad ou 


- 5 9 be st WeLfE? ‘paw’ .seMontib at om fo hen goal it OEY. etelow athe 
=i acs ar - oe W234 + va at et. 7 { ~aroie : 


. aa WE Se NY OMe @4 pert See Pes) 


i 
a ian 0S @2heagesite —_ 
- 


7 siete sak Donips 3 


38 


"we3yshs Teotado euL :1-7Z wundIa 


ydeasoajzoeds Jo ITS souezqUA 
SuesT BurTSsnoog 

dwet-oj0ug 

(cr) 

SuTSNOY UOTIOPeY 

suet sutjewnt{to) 


duet —oeds 


39 


source, was filled with 90 torr of xenon and powered by a 2.5 uF 
capacitor charged to 10 kV (125J). The spec-lamp output had a half- 
‘life of 11 usec. The photo-lamp had a half-life of 23 or 12 usec 
Sts operated at 10 or 20 kV respectively. 

Spectra were recorded on Kodak 103a-O plates. These 
were developed in Kodak D-19 developer according to the directions 
supplied. Numerical data were obtained by plate photometry employing 
a Joyce-Loebl Mark III recording microdensitometer. 

ite Electronics 

The electronic components are illustrated schematically in 
Figure 2-2. This system can best be explained by describing the series 
of events occurring during one flash. The high voltage controller, 
consisting of switches, meters and safety devices, causes the power- 
pak to selectively charge the capacitors to the desired voltage. 
Closing a microswitch fires the ignitron in the photo-lamp circuit 
causing the capacitor to discharge through the photo-lamp. It is the 
light from this lamp which causes the physical and chemical changes 
being studied. The initiation of a current pulse in the photo-lamp 
circuit is detected by the delay trigger-coil which simultaneously 
triggers the delay generator and the horizontal sweep of the oscillos- 
cope. After a selected period of time, the delay generator fires the 
ignitron in the spec-lamp circuit, and the spec-lamp fires. The con- 
tinuum from this lamp passes through the cell and enters the spectro- 
graph. A photocell monitors Loth flash lamps and its output is fed into 
the vertical axis of the oscilloscope; thus delay times can be checked. 
A camera with a Polaroid Land Camera back mounted on the oscilloscope 


allows a photographic record of delay times. 
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3. Experimental Procedure 


Gas mixtures were made up in storage bulbs at least eight 
hours before use. In some experiments where a different composition of 
gases was required for each flash, mixtures were made up in a calibrated 
mixing vessel, stirred for five minutes, and expanded into a cell of 
known volume. After each photolysis the cell was evacuated to less 
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CHAPTER III 
THE PHOTOLYSIS OF DIMETHYLCADMIUM 


Dimethylcadmium (DMCd) exhibits a broad absorption continuum 
in the UV, with an absorption onset at approximately 2600A, depending 
on the pressure (91). The first and second carbon-cadmium bond 


strengths of DMCd are 46 and 22 kcal/mole respectively (93). 


lL, Ik@ei@ieslein Picoctiees slave Emiumary, Process 


Flash photolysis of DMCd produces ground state cadmium 
atoms (Cd) and methyl radicals, detected spectroscopically by their 
3261A Ge ~ op and 2160A (B + X) transitions respectively. The 
major products of the flash photolysis of large amounts of DMCd (>5 


some higher olefins and paraffins 


torr) were H CH, , CoH ana Ci 


oe a 


were produced to a minor extent. Similar results were reported for 
the conventional photolysis of DMCd (94). Ethylene and higher paraffins 


may be produced by the reaction sequence: 


CH, + Cd(CH,) 5 = CH, ot CH, CdCH, 


CH, nA CH, CdCH., Bararsea 4 CoH. + Gas CH. 


or by 


CH, CdCH., +e hy Saeee CH, Cd? i CH, 


and subsequent reactions of methylene and ethyl radicals with substrate 
or other photoproducts. When smaller amounts of DMCd (0.5 torr) were 


photolysed in the presence of an inert diluent (100° = 700 torr), the 
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only product detected was ethane. 

The production of Cd was shown to be a one photon process, 
as a plot of relative Cd concentration against flash energy is linear 
(Figure 3-1). The concentration of Cd was constant for more than one 
millisecond after reaching its maximum, the main mode of decay of the 
Cd being the formation of a particulate cadmium fog which was detect- 
able after two milleseconds. Spectral bands attributable to Cd, (95) 
were not observed which is to be expected as the Cd-Cd bond strength is 
only 3 kcal/mole. 

When more than two torr DMCd were flashed in the presence of 
more than 200 torr diluent, a new absorption spectrum, described in 
Tables III-I and III-II and shown in Figures 3-2 and 3-3 was detected. 
This spectrum appeared regardless of the nature of the diluent and 
therefore arises from DMCd photolysis. The concentration profile 
showed a maximum with flash energy (Figure 3-4) which indicated 
secondary photodecomposition and the pressure stabilization effects 
(Figure 3-5) suggested that the carrier is initially produced in a 
vibrationally excited state. Hydrocarbon diluents enhanced the 
intensity compared to that observed in inert diluents (Ar or cO.); 
consistent with the relative deactivation efficiencies of these gases 
(96). An increase in intensity was also observed upon using longer 
wavelength irradiation, accomplished by replacing the quartz vessel 
(X>2000A) with a Vycor /90 cell (.>2550A). These facts are consistent 
with the assignment of this spectrum to CdCH,. 

Further justification for the assignment of this spectrum 


comes from the fact that in the flash photolysis of dimethylzinc a 
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TABLE III-1I 


ahe €dCH. (A = X) Spectrum 
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a Relative -1 
(A) Intensity VCen ~) Av(v3) Av(V5) 
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TABLE TII-IT 


The CdCH, (B + X) Spectrum 


Relative 
Entensity 


vo Av(vs) 


24,916 
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24, 990'7 ) 
345 
Swi ase 
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completely analogous spectrum, described in Tables III-III and III- 
_IV and shown in Figures 3-6 and 7, was observed. The ZnCH, spectrum 
is more intense than that of CdCH. , consistent with the stronger Zn-C 
bond strength (93). Furthermore, the vibrational spacings of these 


spectra can be assigned to the usual CH, symmetric deformation modes 


3 


(V5) and the X-C stretching modes (V3) observed in the spectra of other 


methyl containing compounds such as CH,I (97). 


3 


LNerhem usm nOmeVIGencem hore react. Onsmsuchmas: 


Cde + CH, Pose? CdCH., 


since the addition of NO, an excellent radical scavenger, to the 


reaction mixture caused no change in the intensity of the CdCH, spectrum. 


3 


Furthermore, in the photolysis of DMCd in the presence of radical (e.g. 


CF C Hy) sources no new spectra were observed. 


Uae) 


The following mechanism satisfactorily explains the observed 


characteristics of the photolysis of DMCd: 


DMCGdr-F hy ——> Cd + 2CH., il 
* YD 

> CH, a (Cxal(Cicl 3 
cach sa (Gal or CH, 3 
Cd CH am itl eS CdcH, a 4 


It is not possible to establish whether step 1 or steps 2 + 3 
is the primary mode of decomposition of DMCd. Reaction 2 does occur at 
least to a small extent. The minimum energy of radiation the DMCd 


absorbs corresponds to 111 kcal/mole. If the primary step were the 
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The ZnCl, (A + X) Spectrum 
° e 

d(A) ne Gene) Avs) Av(v$) 
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TABLE III-IV 


The ZnCH, (B « X) Spectrum 


3 
f Relative -1 ; 
AG, Intensity i) i 
Zise 10 36,510 
O29 
2671 8 37,439 
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2603 5 38,417 
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rupture of one Cd-C bond, the fragments would contain more than 65 kcal/ 
mole sol excess energy and it is likely that CdCH,, with a Cd-C bond 
energy of 22 kcal/mole, would dissociate in a few vibrations. Whether 
step 1 is the major mode of decomposition or step 2 followed 
immediately by step 3, the net result is the same and the overall 


meae eloneasis 


DMCd- + -hv ee MUSIC s 2CH, 


In the majority of experiments with DMCd, 0.5 torr of DMCd 
in 300 torr of a diluent was used. The diluent serves two purposes in 
flash photolysis experiments. It acts as a thermal buffer, preventing 
a rapid increase in temperature which could initiate pyrolysis of the 
reaction mixture; it also pressure broadens atomic lines, making them 
more readily detectable by absorption spectroscopy. Under these condi- 
tions the Cd concentration reaches a maximum 7 Usec after the initiation 
of the photo-flash, well before the photo-lamp reaches maximum intensity. 
This, together with the fact that no DMCd could be recovered from the 
photolysed mixture, indicates that the DMCd is completely dissociated 
in one flash. Since the rate of methyl radical recombination is very 
rapid (98), the only species present in the reaction cell in significant 
quantities within microseconds after the onset of the photoflash are Cd, 
CoH» and diluent. 

Flashing a mixture of large amounts Ok DiCdi ae 35" Lorre) Sin an 
inert diluent, or normal mixtures of 0.5 torr DMCd in 300 torr of a 
hydrocarbon or hydrogen caused the 0,0 bands of the CdH Comoe = 


x75) spectrum (57) to appear. When mixtures of DMCd and a hydrocarbon 
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were photolysed the ca(Pp ) (Cd?) states could be detected by 


Vie tea) 
° 
their 3611, 3466 and 3404A transitions, respectively. See Figure 3-8. 


Whereas the collisional deactivation of cd (PP ,) (Ca) to cd (7P,) (Cd°) 
has been inferred from fluorescence measurements (99), this is the 
first system in which Cd° has been detected by absorption spectroscopy. 
The relative concentrations of the three spin states were in the order 


P, Pe Py < Por The maximum concentration of Cd° was formed when 


the diluent was methane; ca (Pp ) atoms were also formed in the 


O10 


presence of N, but in much lesser amounts. The photolysis of DMCd 


in the presence of dD, or n-C,D also produced the analogous CdD 
spectrum. This again indicates that cadmium photosensitization is 


occurring since CdD could only be formed by the abstraction of deuterium 


by an excited cadmium atom. 
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FIGURE 3-8: A Partial Grotrian Diagram for Cadmium. 
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2. Electronic States of Cadmium Atoms 

Since electronically excited cadmium atoms were produced 
in the system, it was necessary to devise a series of auxilliary experi- 
ments which could characterize their mode of formation and subsequent 
decay. 
a) It can be shown from energetic considerations that excited cadmium 
atoms are not produced in the primary photodecomposition of DMCd. The 
maximum energy absorbed by DMCd is 140 kcal/mole, corresponding to 
2000A, the effective quartz transmission limit. If energy is not 
lest into translational, rotational, or vibrational modes of the 
fragments, only 72 kcal/mole are available after rupture of both 
Cd-C bonds, and the lowest excited state of cadmium, the PP state, 
lies 86 kcal/mole above the ground state. Direct production of excited 
cadmium is therefore impossible. 


b) Excited cadmium could be formed by secondary photolysis of CdCH,: 


CdCH., Sees was, ca? + CH, 


but this is unlikely as the concentration of CdCH, in these experiments 


S 
is very small. 
c) The excited cadmium is most likely produced by secondary absorption 
of light by ground state cadmium atoms. 

When mixtures of DMCd (5 torr) in methane (300 torr) were 
flashed in a Pyrex cell (.>3200A) no ca? was seen. (Under identical 
conditions, photolysis in a quartz vessel (A>2000A) produces substantial 


° 
amounts of ca?.) Next, absorption of 3261A radiation was eliminated by 


means of a concentric quartz jacket around the quartz cell filled with 
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a 50 mg/l water solution of 2,7-dimethyl-3,6-diazacyclohepta-1, 6-diene 
perchlorate (UV dye). This solution has two strong absorption bands 
° ° 
centered about 3200 and 2550A and a window which transmits at 2288A. 
Photolysis through this filter also yielded large amounts of ah Thus 
3 : 1, 

Cd™ must be produced via the 1 state. 

Breckenridge and Callear (27) propose an identical mechanism 


; Ee. : ; eae ‘ 
for formation of Cd in their experiments utilizing a cadmium resonance 


flash-lamp. They estimate the rate of the reaction 


cd(*P,) +H == Cat 2) + products 


2 


to be approximately 3 x vO” one: rolecieoe. yes Analogous quench- 
ing of the *P, state of mercury to the °P, level by Hy and CO has been 
observed (100). It is therefore likely that the triplet state plays 
an important role in the Hg (P) photosensitization reactions of hydro- 
carbons as well (101,102). 

Modes of decay of ca? will be discussed in conjunction with 
the results of quenching experiments described in Chapter V. 

Table LII-V summarizes all species observed in the flash 


photolysis of DMCd-hydrocarbon mixtures, and a mechanism consistent 


with all the experimental data follows: 


DMCA cya Cds ar 2CH., A 

DMCd + hv (2600A) aE CdCH? zi CH, la 
CdCHs 5G + CH, 1b 

by i CdCHy —. CdCH, + M ic 

20H. On 2 
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TABLE III-V . 
Species Observed in Flashed DMCd-CH, Mixtures 
Species Transition (A) Comments 

A 3 a if 1 
Cd( So) PL < So (3261) Also P. a So (2288) 

3 3 3 S) 3 i 
Cat Po) dD, > Py (3404) Also 7 Sy € Po (3080) 
ca(?P.) = Dhecie Poe (466) MES nL ore eunne 

Hf 2 gz ‘i 1 
weak 

3 3 3 
Ga P,) D3 <= Py (3611) Very weak, only observed 

with high conc. of DMCd 
CH. Bx) (2160) 
CdH Rees Xt (04500) See text 
CdCH See Tables III-I, Il See text 
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Cd + hv (22854) ca(*P,) 3 
iL ° 
Cd( Pp) =~ Cait hv (2288A) 4 
cd(*P,) + RH > ca? + RH! 5 
° 
Cd* =) Cd. 4 hv (32614) 6 
ca? eR Ca +e products 7 


The photolysis of DMCd produces ground state cadmium atoms 


and methyl radicals, the production of CdCH, being insignificant under 


3 

most conditions. The ground state cadmium can be excited to the aa 
° 

state by absorption of 2288A light. cd("P,) may fluoresce; in the 

presence Of ‘a hydrocarbon or hydrogen, or to ai lesser extent in nitro— 


gen, it can be quenched to the 3p states. The Cd* may then fluoresce 


and the ca? may be physically or chemically quenched. 
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CHAPTER IV 
THE UV SPECTRA OF CdBr, CdI, ZnBr, AND ZnIl 


In a series of publications from this laboratory the rates 
of combination of atomic mercury with chlorine, bromine, and iodine 
atoms, and the subsequent dimerization of the mercury halide molecules 

; 25 = 

were reported. Their A Il-X 2 spectra were analysed (103). It was 
decided to extend this investigation to cover the analogous reactions 
of zinc and cadmium atoms produced by the flash photolysis of DMCd and 
DMZn. 

Weiland (104) investigated the emission spectra of CdBr, 

2 ee 
CdI, and ZnI some 40 years ago and analysed one component of the Il- 2 
system in each case. Recently Patel et al. (105) reported the analysis 
25 2 
of the other “Tl--2 component of Cdl. Ramasastry and Sreermamarty (105) 
25 Ze : 

observed the ZnBr (A TI-X"2) system. These studies used flames or 
high voltage discharges as a source of the metal halide radicals. 
Under these harsh conditions poorer spectra with much more interference 
from other species were obtained. 

In this work the source of halogen atoms was the photolysis 


of the appropriate trifluoromethyl halide: 


CPX ca ea) ee, cr. +X (Xx = Br, 1) 


The co-photolysis of M(CH,) 4 where M is Cd or Zn and CF,X where X 
is a halogen leads to the appearance of the MX spectra. Under the 


conditions necessary for the spectra to be detected the formation and 
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decay of MX was too rapid to allow quantitative kinetic analysis in all 
cases studied. However, the following reactions were indicated by the 


experimental data: 


M(CH), ey ar Ma 2CH., 
CF.X Selene Sa eet CF. 
Meh AoA ae ota A 


Under conditions of excess metal atoms the decay was second order in 
MX 


2MX ee eh kee eM 
and with excess halogen it was first order: 
PP EX, ae LA 


Although quantitative analyses were impossible, the UV 
spectra of the four metal halides were recorded. In all cases the 
spectra obtained were more complete than those from any previous 


investigation, and much more accurate and complete vibrational analysis 


2 


could thus be done. The I] = systems of CdBr and ZnI were observed 


Lon 


and analysed for the first time. In all four metal halides examined, 


a Boltzmann distribution of states was observed. 
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1. The UV Spectra of Cadmium and Zinc Halides 
a) The Absorption Spectrum of CdBr 
Two band systems for CdBr lying in the regions 3114 - 3247A 
and 3241 - 3374A have been analysed (Tables IV-I and IV-II, Figure 4-1). 


The analysis of this spectrum leads to the following equations: 


2 2 
Hy y9- 2 
3d 467815 + 259t0e Gta! /2) Seo sn0GE' 41/2) 
— 2338 e06v"41/2) C0 S504 /2)>. 2: 
2 2 
My jor E 
re 30301 3 a esa OO 12) Se oy 


- 233.80(v"4+1/2) + PIG ED/2Io 8. 


Calculated and observed band position are in agreement within +3 cm 


for these and all other spectra reported here. 


2 


The II a5 component is the same as that observed by Wieland 


Sh2 


in emission and the values of upper and lower state vibrational 


frequencies obtained by the present analysis are in good agreement. 


Z 


Ze . , , 
The Tl % component, observed here for the first time, is very 


ae 
as ; 2 nee) Pig. 
similar in terms of wo! and O's and the “Il splitting constant obtained, 


LLG SG ce is close to the expected value of 1140 ee 1G )y. 


b) The Absorption Spectrum of Cdl 
Vibrational analysis of the many bands observed in the Cdl 


spectrum, listed in Tables IV-III and IV-IV and shown in Figure 4-2, 


yielded the following equations: 
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c) The Absorption Spectrum of ZnBr 
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in Figure 4-3, was analysed as belonging to the two overlapping com- 
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were possible. The “ai splitting from the present analysis is 397.8 
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d) The Absorption Spectrum of ZnI 
From the analysis of the observed spectrum (Tables IV-VII 


and IV-VIII, Figure 4-4) the following equations were derived: 
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system has not previously been reported in the literature. The 27 
splitting wealeulated ts 626.9 edie; higher than the 386 aa predicted 


(106) from the 3p splitting of the Zn atom. 
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TABLE IV-VII (cont'd) 
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TABLE IV-VII (cont'd) 
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The Iba p97 x System of ZnI 
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TABLE IV-VIII (cont'd) 


2 ps 
The ye x System of ZnI 
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20. Tne. doublet Pi Splittings 


The observed 27 splittings for cadmium, mercury, and zinc 
halides are summarized in Table IV-V. Howell (106), in his work on 
the ses system of HgF, found that the molecular coupling constant 
for the 7 state is approximately given by two-thirds of the atomic 
coupling constant for the 3p state of mercury. Therefore he argued 
that the optically excited electron in HgF (“Tl) is a relatively unper- 
turbed mercury electron and he predicted little change in the molecular 
coupling constants for the 27 states of other mercury halides. It is 
evident from Table IV-V that this hypothesis holds well for HgCl 
and HgBr. However there is a significant discrepancy in the case of 
Hgl. This is probably related to the stronger perturbations caused 
by the heavier iodine atom on the excited state. The values from 
the present study of the “7 splittings in the case of CdBr and ZnBr 
are also in agreement with Howell's hypothesis. The splittings observed 
for CdI and ZnI deviate significantly along the series, and ina 
direction opposite to that observed for HgI. Thus it can be concluded 
that in the fluorides, chlorides, and bromides of mercury, cadmium, 
and zinc, the excited electron is an almost unchanged electron of the 


metal atom, whereas in the iodides the perturbation of the optical 


electron is more severe. 
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TABLE IV-IX 


a Splittings® of Zn, Cd, and Hg Halides 


M MF MC1 MBr MI 

b c 
Zn 370.0 384.9 397.8 626.9 
cd 1179.04 anise 1165.8 1300.7 
He 3940.0° 3920.0° EEO 3538.08 
eur ae 
b 


G. D. Rochester and E. Olsson, Z. Physik., 114, 
495 (1939). 


eS¢ De Cornelys Phys. Rev., 4, 541) (1938)- 
Geen reference (106). 


@o? sBurom references (103a,b,c) respectively. 
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CHAPTER V 
THE QUENCHING OF CADMIUM (7p) ATOMS 


The flash photolysis of DMCd in methane produces ca? in 
sufficient quantities to allow kinetic studies of its decay. Since 
all the DMCd is decomposed by the photoflash, and C,H. is the only 
product of the photolysis, decay of cae is not influenced by parent 
compound or photo-products. Ethane is a very inefficient quencher of 
Gaz. 

The most intense absorption from the first cadmium triplet 
observed was the ay a iP line at 3404A, and this transition was 
monitored for kinetic determinations. Wherever possible, the 3466A 


6 


Cb, as Py) taansa tion was also monmtosed but wndersmost conditions 
used here, this line was too weak to allow quantitative measurements. 
In those few cases where both transitions could be observed the first 
order plot of Cd* decay paralleled that of Cd°® within experimental 
error, and after the termination of the photolysis flash, the ratio of 
the concentrations of the two states was.constant. This indicates that 
the components of the cadmium triplet are in equilibrium, as shown by 
Breckenridge and Callear (27). Thus it is possible to follow the 
concentration of Cao by monitoring the intensity of the Cd° absorption 
° 

line at 3404A. 

Before quantitative work could be undertaken, the Beer-Lambert 


° 
coefficient for the 3404A line had to be determined. The relationship 


between optical density, OD, the extinction coefficient, e, 
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concentration of absorber, c, and path length, 1, is found empirically to 


be 

Oh eciqelyys 
where n is the Beer-Lambert coefficient; n is found to lie between 
0.5 and 1, and depends on resolving power of the monochromator used. 
For most molecular absorption bai.ds in solution, which are fairly 
broad, n = 1 and Beer's law is usually written OD = €cl. Atomic lines 
and sharp molecular bands in gas phase absorption spectroscopy often 
give rase tofa Beer—-Lambert: factor of less than unity and for atomic 
linessn = 1055. 

In order to determine n for this system, mixtures of DMCd 
in methane were flashed at several delay times and the procedure was 
repeated with one half of the photo-lamp and cell shielded. Assuming 
that the shielding does not affect the concentration of ca? in the 


exposed portion of the cell, the following equations apply: 


i. no shielding OD = e(cl1)” 


n 
iif. shielding OD eee GCL eel) 


which in turn lead to 


yD 0.5 


OD 1 92 


and a plot of OD vs OD has a slope of 2°, Several determinations were 


L/2 : 
made and a Beer-Lambert factor of 0.7 + 0.1 was measured for the 3404A 
line. A typical plot is shown in Figure 5-1. An attempt to determine 


° 
n for the 3466A an. < Ea) line was inconclusive due to the low 


intensity of this transition and resulting scatter in the data. 
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1. Rate Constants for the Deactivation of ca (7p) 


The rate of decay of Cd° in CH, was found to be independent 


fs 
of methane pressure in the range 200 - 650 torr, and of temperature 
inetne tange 27 — 110°C. Ine rate constant for decay of Ca cunder 


these conditions was found to be 3.3(+0.5) x 10° ANS i corresponding 


to-a lLitetime of 3°07 x Ome seconds. The data are given in Tables V-IL 
through V-IV, and a typical first order plot is shown in Figure 5-2. 

The rate of decay of Cd° was also measured in the presence 
of olefins and other substrates. In these experiments mixtures of 0.5 
torr of DMCd and quencher were made up to a total pressure of 300 
torr with methane. The pressure of quencher could not be varied 
greatly as the slope of the first order plots with quencher must be 
significantly different from that in methane alone; large pressures of 
quenchers could not be used since the concentration of Cd° would 
be too low to allow quantitative measurements. The kinetic data are 
given in Tables V-V through V-XIX and an example of a first order plot is 
shown in Figure 5-3. That Cd* quenching is second order for all gases 
studied here, and that the pseudo-first order approximation is valid 
for these conditions has been well established in the previous work 
on cadmium quenching (65). The absolute rate coefficients for the 
decay of Cd° in various substrates are summarized in Table V-XX. 
Taple V=“e1 lists-relative rates of decay of He* and Cd* from this 
and other work. 

The experimental data, that is microdensitometer peak heights 
and delay times, were processed by computer to give a least squares 


slope which was adjusted for fluorescent decay and divided by the 
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TABLE V-I 


Data ror ca(7P) Decay in 300 torr CH, at Room Temperature 


A 
Time Relative Concentration of Cd° 
sec 
30 132 158 166 157. nbs 162 123 
40 a0 116 129 eS}S) LL9 96 130 87 
50 76 104 102 Ay) o5 iZ 116 a> 134 
60 56 70 85 32 70 De) 74 63 100 
70 59 a2 74 80 54 47 62 50 81 
80 36 42 64 63 40 39 56 34 67 
90 24: aL 42 60 3k 33 ws) 55 
100 20 33 wes we) 30 46 
110 15 2) 20 18 28 20 38 
120 22 ie) 29 
slope 
10°) cree D039 3.00 2200 SI pe, Be23 3.29 Sis yel Yas ie 


Average slope = 3.33 x 10 sec. 
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TABLE V-II 
Data for the Decay of ca(?p) tne 00 tore CH, ate 0a 
Time Relative Concentration of Cd° 
usec 
30 VAD 119 128 105 102 90 
40 90 78 82 80 82 65 
50 64 60 5) 5)S' 61 43 
60 42 44 4l 42 \7/ ig, 
70 29 3)5) 27 iil 372 BS) 
80 Dy. Ze PL 19 23 ik7 
slope 
Gao) See) Ba 7AG 3.60 SRyyAs) Be07/ 305 


Average slope = 3.28 x 10", 
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TABLE V-IIIL . 
Data for ca? Decay in 650 torr CH, at 
Room Temperature 
Time Relative Concentration of Cd° 
sec 
30 58 54 56 £273 Wes) 
40 49 41 46 101 102 
50 37 30 oh) 79 85 
60 29 20 ais) 60 74 
70 Dep 29 26 39 64 
80 19 15 18 39 42 
90 33 
Saas sisomm 3.85.0, 2o4e | oaep eco 
C10.) 


Average slope = 3.38 x 10 sec 
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Data for the Fluorescent Decay of 


ca(7P,) at Room Temperature 


TABLE V-IV 


Time 

sec 
30 54 
40 38 
50 30 
60 25 
70 17, 
80 14 

slope 


aa 


59 


56 


Relative Concentration of Cd* 
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TABLE V-IX 


Data for ca Decay in C,H, at Room Temperature 
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Time 

usec 

30 88 79 102 105 
40 59 51 68 74 
50 43 37 56 52 
60 21 ew, 42 37 
70 18 13 28 D4 
80 ca 12 16 20 

slope 

(x104) Sok 2.31, Gey 47h 
porr CAH, One6. 0786 0743.99 Bees 

rate const. 

1 ete oeee B60. Gea “Feo 726 
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Average rate constant = 6.06 x 10 1l mole 
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132 


call 


104 


132 


100 


E- tan f “OL 4 A = Shahenes etek | 


"Ot x oe al a AE ie aha SiEKoa, 2778. 
ca “fs ’ ; 3 . . 
= H JO il oct tena Ol ee Alen FO UOTILEAAUIBOUOD ies BAS Dost ur iiisi oils 
fe eal ge iT jot X €Q*y = JUeJSUOD 97e1 BBeEATBAV 
co°4 v1 BG OLY Tene ajqel 
Lot Ory 0°6 ESE Woe 2208 
79°% GoqS eG 9¢°6 ZO°#7 edots 
El vas) g T6 ea 86 
ot Z8 OOT HZ 66 eG 
TS ZZ 0Z a 0Z 89 Ze 19 66 ce 
Zc a Ge 09 Ty Z9 Ce 9¢ CY 69 
ZY ZY Zy OS HC OS OS ZY SIL 6Z 
OL 87 gl Ov C8 zy 08 TE 26 ZY 
G6 07 06 O€ OZT QZ yTT OZ PGT ST 
CoS PO°L Cyt Kee g0°9 geret 
1a) On 7°6 7% 6°2 pti03 
EG<S 96°S 96-¢ rales Cray edots 
Si) 86 val LOT 
ae 94 OTT IZ 0Z 26 
yT LL QT OL oT 89 O€ TZ 9Z Z8 
TE T9 Ce 8S Cz 09 OS Z9 Ty ¥9 
89 1G CY oh] GG OS 09 1S L9 VAS 
08 ey G9 SE €9 6¢ C6 BE Z8 LY 
Col O€ G8 8Z 68 92 SET v7 Gig 9€ 
y a y | q es ef zi qt et 


einjeisduey, wooy We ¢ 


X-A F1AVL 


c 


Gun Apoog IpoOMIOT eae 


a) SR2se2n . REED 
i ai | : . Paz “ | 
SS 7 


Data for ca? Decay in D 
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TABLE V-XI 


Relative Concentration of Cd° 
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Quenching Rate Constants for ca (7P) 


a ee eee eee ee ee ee eee 


Quencher Rate Constant (1. movappeecs 
CP.) Cie) 
CoH, 6.2(41.5) 10° 05 16s 
Cane 7 2eoes) 10° 
e-C Hy See: 10" 
t-C He 102081) 107 
CoH 6.1¢4463) 10° 
aio 
HL, 4.8(41.2) 10° ieSun 10h 
D, 1.6(40.4) 10/ 
CHF 1462083) 107 
gi, 
t-C,HF, 1.0(40.1) 10° 
e-C HF, 8.7(42.2) 107 
1,1-C,HF, 5.5(41.0) 10/ 
CHF bk Fewey ao” 
a 2 ae) 10) 
SiH.,CH £60,510" 
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TABLE V-XXI 


Relative Rates of Cadmium and Mercury Quenching 


Rk ed) 3 aed a 
Temp .°K Cat py Cd(~P) Cd(7P) Hg (CP, )e 
Quencher 300 So 485 300 
ot (1.00)* (L00)” (1.00) (1.00) 
CH, 1216 ae 1.00 0 
e-C He 1.40 0.97° 0.97 1.18 
b 
£-C,H, TeGe 0.97 0297 
b 
CH, 0.98 1.00 Gio 1 0.98 
b 
Hy 0.08 0.79 0.47 0.80 
Dy 0.03 G21 116 
. (S 
CoHaF On 0.80 0.82 
(S 
a | (8 
t-C,HOF 5 0.16 0.69 
(2 
e-CoHF,, 0.14 0.60 
(el 
ee Tete a 58 0.65 
Ue Cat 0.09 0.58 
CHF, 0.08 Oe 0.44 
(eS 
/ 0.18 0.20 
CoP, 0.04 
SiH. CH. 2.59 1.80 
eae aS) 


Values in parenthesis used as standards. 

a rane De + 64 
Results of this study. From reference (64). 
Cc 


S, Tsunashima and 0. P. Strausz, unpublished results. 


: ex AA 
Seon reference (59). From reference (7). 
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concentration of quencher to obtain a rate constant. The resulting 
rate constants for each quenching gas were then averaged. The errors 
reported are the standard deviation of the mean of the rate constants. 
The standard deviations of the slopes of the individual 
plots were small, “of the order of 12 of their value but the standard 
deviations of the mean of the rate constants were of the order of 252. 
Although large errors may be introduced in the measurement of very 
small pressures where very efficient quenchers are concerned, the 
range of errors did not depend on the rate of quenching, and other 
sources of error are operative. The most probable source of random 
errors is the variation in photographic plate characteristics. The 
photographic plates themselves are not reproducible, variations in 
plete characteristics cannot be avoided. The error limits reported 
here are in the same range as those from other studies using the same 
technique. Metal deposition on the cell walls was shown to be 
insignificant since experiments performed using either increasing or 


decreasing order of delay times yielded the same results. 
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2. VACtivation Energy of the de + Ethylene Reaction 


The rate of quenching of ca? by ethylene was measured at 
27, 50, 80 and 110°C. Higher temperatures were not attempted as 
pyrolysis of DMCd becomes significant at 150°C (108). The data and 
BAbeRCOnS tantzsomaker Mic tedmamn tables V— eC. through V-XXIV. The rate 


parameters calculated from the Arrhenius plot (Figure 5-4) are 


he eestor exp (-2300/RT) 1 moles eee 


With this data the relative rates from references b and c 
of Table V-XXI were converted to absolute values. This data was then 
combined with the rate constants from this study and Arrhenius parameters 
for a series of reactions were obtained. The results are listed in 


Table V—XXV. 
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TABLE V-XXV 


Rate Constants at 275°C, and Estimated Activation 


Energies and A-factors 


Quencher 


CoH, 
CHF 
trans-C HF, 


evs-C HOF, 


CH, CF, 


k 


at 275.0 E_ (kcal/mole) Logi9 A 
9 

sil Se ING ZS 10.6 
9 

eee el) 3416 10.8 
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3. Discussion 


The independence of the rate of decay of ca? with methane 
pressure indicates that the rate of quenching by several hundred torr 
of methane is extremely slow compared to the rate of fluorescence 
and spin-orbit equilibration. The measured rate of Cd° decay under 
these conditions is approximately one order of magnitude slower than 
tie matitraledecay rate of Cas. 4.5.x 10° sec (109). 


Assuming the following mechanism: 


Cd* — > Cd + hv Ke 
Cd* +M — Cd° +M ky 
Cd° +M — Cd* + M k, 


the decay of Cd° is given by: (see Appendix) 


a[ca? | b EN Gee 


4c 
- — = _——————— Gd 
dt 2 
where b = ke + kM] + k[M] and c = kek [IM]. Numerical evaluation 
of the above equation shows that -d[Cd°]/dt approaches a value of 
es 
ky tk, 


The value of ke is greater than that obtained experimentally 
from the decay rate of Cd° and the magnitude of the discrepancy will 
depend on the relative values of Ky and ky. If the spin states are 
thermalized, the Cd*/Cd° population ratio will be approximately 1/5, 


ic 
Cd° decay at 300°K. However, the experimental ratio Cd*/Cd° is 0.4 


ko /k, = 5 and k. will be six times faster than the observed rate of 


and independent of temperature, although this value is approximate as 


the Beer-Lambert factor is not known for Cd*, and the error in 
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measuring the weak Cd* line is large. 

A significant imprisonment effect is to be expected in this 
system as the concentration of ground state cadmium atoms is high, of 
the order of 0.5 torr. Until the values of ky and k, become available, 
the value of the fluorescence rate constant remains unspecified within 
the limits set by the natural lifetime and the measured rate of Cd° 
decay. However, this experimental decay rate of Cd° is used in 
evaluating the results of the quenching measurements. 

In the quenching experiments the relationship between the 
observed rate of decay of Cd° and the rate of quenching of Cd* depends 
on the mechanism of quenching and on the values of k, and k, (see 
Appendix). If the rate constant for quenching of Cd°®, Kye LSeZeEG; 
the rate of Cd* quenching will be equal to the decay rate of Cd® 
multiplied by (kotk,)/k. If the rate constant for quenching of Cd* 
and Cd° are equal, the measured rate is the true rate of quenching. 

If k, lies in the range 0 - ky> where k, is the rate constant for 


4 1 


quenching of Cd*, the rate of decay of Cd°, koe _, will lie between 


pt 
ky kg/(kotk,) and ke 
int @) < k, < ky 


x c SNe < 
then k /(kytk,) Kane k 


3 pt 1 

An analysis of the decay kinetics of coupled J states has been 
accomplished under steady state conditions and qualitatively similar 
results were obtained (110). The quenching rate of Hg° by ethylene 
is only two times less than that for Hes (201). WS ine: ene PS - Po 


splitting for Cd and Hg are 1.6 and 5 kcal/mole respectively, it is 


likely that the rates of quenching of Cd* and Cd° would be similar 
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since the energy difference between them is slight. Thus the dis- 


crepancy between the reported rate constants and the true values is 


\ 


expected to be small. 
The rate constants reported here are approximately two 
orders of magnitude smaller than those reported by Steacie and LeRoy 
(59) or Lipson and Mitchell (58). The discrepancy can be actributed 
to the complete neglect of imprisonment effects in both of the previous 
studies and the omission of the intervention of the state in the 
mechanism. The present work shows that equilibration of the spin 
states occurs at least in hydrocarbons. Under these conditions, 
quenching results cannot be calculated from the Stern-Volmer plots; 
furthermore, the technique used to calibrate photographic plates in 
the previous work has been shown to be unsatisfactory. (see Chapter VI) 
It is well established that the interaction of ea and 
ethylene produces triplet ethylene (Et) (63,65). The energy of sat 
in the planar configuration is V105 kcal/mole above that of the ground 
state while 35 in the skew configuration is some 60 kcal/mole above 
the ground state (111). Triplet cadmium, containing only 87 kcal/mole, 
cannot interact with ethylene to produce 3Et without violating the 
Franck-Condon principle, which states that only vertical transitions 
are allowed. Thus the rate of reaction with ca? is expected to be 
slow compared to that with mercury where, due to the greater energy 
content of Hg*, the transition is of higher probability. 
The relative rates of quenching ca? by olefins depend on 
the electron density of the T-electron cloud of the double bond, the 


site of reaction. The inductive effects of fluorine atoms and methyl 
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groups decrease and increase this electron density respectively, and 
the rate constants increase and decrease correspondingly with the 
addition of each substituent. Thus oe like Hg*, displays electro- 
philic character in quenching reactions. However the rate of the 
Cd* reactions are more sensitive to the degree of substitution than 
the analogous Hg* reactions because the Cd* reaction is energy limited. 
The formation of CdH and CdD with hydrogen and paraffins 
shows that cadmium photosensitization is occurring. The significant 


decrease in the rate of ca? quenching by D, as compared to H 


2 Z 


indicates that in this near thermoneutral reaction, the zero-point 


energy difference between Hy and dD. and the CdH and CdD is a significant 


factor in determining the respective rates. The higher rate of Cd* 


quenching by SiH,CH., compared to that by CAH, 


enthalpy of the respective reaction; the hydrogen abstraction reaction 


may be due to the 


would be exothermic. 

The existence of activation energies for cd photosensi- 
tization reactions, Table V-XXVI, explains the variations observed in 
the relative rates of Cd* quenching studies listed in Table V—-XXII. 
In fact the trends observed in the relative rates of quenching as a 
function of temperature can be explained by variations in Eo 

The first measurements of activation energies in mercury 
sensitization were reported by Campbell et al. (112) who reported the 
relative activation energy of formation of 7 and tso-propyl radicals 
in the Hg* and Hg° photosensitization of propane. The present study 


however, describes the first absolute measurement of an activation 


energy for a photosensitization reaction. 
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A mechanistic interpretation of the measured activation 


energy, however, is difficult without knowledge of the microscopic 


\ 


: : , 3 y : 
details of the interaction between Cd and ethylene. The activation 
energy may be due to the existence of a small energy barrier to 
crossing from the potential surface correlation with Cd* + CoH, 

é) 


EOsthe potential “surrace correlation,’ to. Ca EE. 
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CHAPTER VI 
THE QUENCHING OF ANTIMONY AND BISMUTH ATOMS 


1. The Quenching of Excited Bismuth Atoms 

Trimethylbismuth (TMBi) exhibits a broad absorption in the 

BP ser ae ¢ 4 -1 -1 

UV with 4 maximum at 2115A (e = 1.7 x 10 1 mole em ) and shoulders 
at 2600 and 2225A. The spectrum, recorded on a Cary Model 14 spectro- 
meter, is shown in Figure 6-1. The flash photolysis of TMBi in the 
presence of argon produces a variety of atomic and molecular species, 
summarized in Table VI-I. No additional spectra were observed in the 


presence of N or hydrocarbons. If the spectroscopic lamp 


peggy: 
was not employed several atomic emission transitions were detected. An 
energy level diagram (113) for the bismuth atom showing the states 
detected by emission and absorption spectroscopy along with the trans- 
itions relevant to the following discussion is given in Figure 6-2. 

A system, with bands at 2490, 2555 and Deisk. decays rapidly 
duzins the photolysis flash but after the flash has terminatediit per- 
sists for some 300 w sec. Flash energy variation studies show that the 
intensity of the 2615A band decreases with increasing energy, suggest- 


ing that the carrier is photolyzeds<Lt isea reasonable assumption that 


BiCH., or possibly Bi(CH is the carzier. 


je) 3)2 


The bands at 2290, 2330, 3090, and 3165A which appear only 


with added CO. can be resolved into two systems, the splitting in each 


es 


pair being 720 * 20 a A possible carrier is the previously unob- 


served X state of BiO, estimated by Bridge and Howell (114) to 


2 
2 73/2 
be 8000 | above the ne ground state. If this isse, then the 
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FIGURE 6-1: Absorption Spectra of TMBi and TMSb: 
4 0.07 torr IMBL: 6 0,05 torr Woo. 
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Species Observed in Absorption in Flashed TMBi 


: Z 
BiO(X, 379) 


BiO(x 2 
10 (x, ) 


ye: 


BiCH,(?) 


iransition 


> 


Ps 


(A) 


S 3068 
2_0 
D379 2898 
DO 
De /2 2938 
ZO 
Pi/2 2730 
5000 
RUS ESO) 
u2700 
G2) 
2160 
2900-3100 
2591 
See text 
See text 
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Weak, complicated by 
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systems; not analyzed 


See text 
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Energy Level Diagram for Bi; a, states 
detected in absorption; e, states detected 


in emission; x, states not detected. 
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long wavelength bands may correspond to the (n,0) and (aero) bands of 
the E< X, transition (115). "In this case the X, - X) splitting would 
be 6980 a considerably less than Bridge and Howell's estimate. An 
alternative explanation that these are the (n,0) and (n,1) bands of 

the E < X, transition, is unlikely since a change from w , = 692 a to 
Deas 750 Supe in the X) and X, states respectively could not arise from 
a change in spin-orbit coupling. A change in spin-orbit coupling causes 
at most a change of a few wavenumbers in Oe for all spectra eee in 
reference (57). 

The 2900 - 3100A system observed at high TMBi pressures con- 
sists of an absorption band 100A wide centered at 2935A and a series of 
red degraded bands. Positions of the band heads and splittings between 
bands are given in Table VI-II. Although the spectrum appears to be 
typical of a heavy diatomic molecule, the rate of decay is much more 


rapid than that of ground state Bi, and the frequency differences bet— 


2 


ween successive bands are larger than the vibrational frequencies of 


(57). The largest known We for bi. Sie at ie 


any known state of Bi D 


2 
for tlie on state (57). No assignment has been made. 

In an attempt to determine the mode of formation of the highly 
excited metal atoms observed in emission, time resolved emission experi- 


ments were carried out. Under all conditions the emission from the 


46 ), the Bi resonance line, exactly followed 


apt et ; 
Bi( P y ae 30604 ( Papo > 0 


Eye 
the photo-flash profile, indicating that all processes leading to forma- 
tion of excited atoms were rapid. This method for monitoring the emis- 
sion was therefore abandoned. 


TMBi flashed through UV dye, which did not affect the extent 


of photolysis but greatly attenuated the incident radiation around 3068A, 
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TABLE VI-II 


The 2900-3100A System Observed in Flashed TMBi 


a ee 


(A) zi) a5) 
v(cm ~) Av(em ~) 
de See ee eee ee et ED Ea 
2922 34230 4:10 
360 
2553 33870 
210 
2971 33660 
200 
(2989) 33460 
220 
3008 33240 
220 
3028 33020 
230 
3949 32790 
200 
(3068) 32590 
230 
3090 32360 
220 
3 ld 32140 
180 
3129 31960 
230 
3152 31730 
210 
3173 31520 


Values in parentheses are uncertain because of overlap 
with intense atomic lines. 
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gave essentially the same intensity of emission from excited metal 


states. Excited atom formation by processes such as 
° * 
Bi + hy(3068A) ——> Bi 


can therefore be ruled out. Increasing the flash energy from 1500 to 
3000 J produced an increase by a factor of 3 in the 30684 emission 
intensity. This observation is consistent with a multiquantum process 
and it is likely therefore, that excited atoms are produced in a process 


involving BiCH, and Bi(CH,).. 


S 

Preliminary experiments showed that added gas could have two 
effects on the 3068A emission line: the gas could change its shape 
and/or quench it. With increasing argon pressure two distinct satel- 
lite bands to the short wavelength side of the 3068A line became apparent, 
with maxima approximately 12 and 18A from the resonance line. Hydrogen, 
Coles and CH, also broadened the line to shorter wavelengths. Zenon pro- 
duced a single satellite band on the long wavelength side of the 3068A 
line. Microdensitometer traces showing the variation in the 3068A line 
shape with the nature and pressure of the added gas are reproduced in 
Figure 6-3. 

Satellite bands have been observed earlier on both sides of 
the Bi resonance line in the presence of Xe (116) and similar bands 
have been seen in other systems, notably with mercury (7) and alkali 
metals (117). 

The formation of collisionally induced satellite bands close 
to atomic transitions is generally attributed to the transitory forma- 


tion of van der Waals molecules (7, 116). The radiative-transition 


probabilities for these molecules differ from those of the free atoms 
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owing to perturbations by intermolecular forces; collisionally-induced 
emission from metastable atomic states has been observed GES ae a La ES ie 
Since all the excited states of Bi observed here have very 
short lifetimes neither time resolved emission nor kinetic absorption 
spectroscopy could be used to measure quenching rates. Therefore, 
fluorescence measurements were carried out and rates of quenching of 
excited Bi were calculated from the Stern-Volmer relationship. Quanti- 
tative quenching experiments were carried out at total pressures of 
100 torr using argon as diluent. At this pressure of argon satellite 
band formation was negligible and it is assumed that varying the Ar 
pressure at a constant total pressure of 100 torr has no effect on 
emission intensity. All experiments were conducted with 10e- torn THBi 
Since the emission intensity of the excited Bi states is a maximum at 
this pressure. Because of insufficient intensity from other states, 


, ‘ mee 
only four of the Bi states were studied quantitatively; Bi( P ) at 


% 


1/2 

), BLP 
2° 2° 

3/08 bans 1/2 1/27 ?3/2)° 


were plotted in the form I /t vs p where I, is the emission intensity 
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Results 
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in the absence of quencher and I is the emission intensity in the pre- 
sence of 100-p torr of argon and p torr of quencher. The data are 
given in Table VI-III and typical plots are shown in Figures 6-4, 5, 6. 
In order to convert emission peak heights, obtained by plate 
photometry, into relative intensities it was necessary to determine the 
relationship between the intensity of light and the optical density 
changes on the photographic plate. The intensity of the spec-lamp, I}> 
was varied by inserting a calibrated rhodium step filter into the light 


path. The plate densities produced in this manner were plotted against 
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log 1/1, , where Tho is the intensity with no filter. These plots were 
‘linear in the density range 0.2 - 1.4. The slope, y, varied somewhat 
from plate to plate, with wavelength and with developing conditions. 
Averages were found for each wavelength used. The values were: y = 0.8 
Por, the bismuth’ lines: >y*="07 6" for the 3233) and 3268A Si Meine hae 97 = 0) 
for tne 25.29 and 2598A Sb lines. 

To ensure that the base of all emission lines fell in the 
linear region of plate sensitivity, all plates for quantitative emission 
work were pre-exposed to a shaded white light so as to produce a back- 
ground plate density of about 0.2 OD units. Under these conditions the 
change in plate density, AD» produced by emission of intensity I from 


a species of concentration Cc. is given by: 


where I is the intensity of the background fogging radiation. Rearrange- 
ment of the above formula, and manipulation to eliminate proportionality 


Constants Leads to: 


AD_/Y 
L 10 - 1 C 


SOO = n 
fi pled ¢ 
m 10 - 1 m 
Two assumptions are implicit in this derivation; firstly that 
the effects on the plate of exposure to diffuse white light and to sharp 


atomic emission are simply additive, and secondly that the peak heights 


are not distorted by spectroscopic slit effects. Experiments to 
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determine the validity of the second assumption are not possible 
‘Since the fluorescent light reaching the photographic plate does not 
come with uniform distribution from all pabts om the cell. 

For the simple system where only quenching or fluorescence 


is possible, the kinetics are straightforward: 


* 
[Bye PSG Mircea ccteSples nln k 
Bi same ce) So0E. gee) k 
To/t = 1 +(k,/ ke) (X] 


If, however, the excited state is also populated by collisional pro- 
cesses such as quenching of higher states to the state being studied, 
then the relationship between I and [X] is complex. Plots of T/1 may 
be curved and, if population from higher states is more rapid than col- 
lisional deactivation of the state being studied, I may increase with 
pressure. The observed variation in line shapes with pressure implies 
that changes in*transition probabilities are occurring, and hese 
changes may also lead to curvature in the plots of To/t Voupee 2 lbe is 
not possible to distinguish between this effect and that described in 
the preceding paragraph. 

For the cases where the simple linear relationship holds, 
results are given in Table VI-IV in the form of Paso? the pressure of 
added quencher required to halve the emission intensity. Cases where 
eurvaturelor enhaneement are observed aresalso noted. These results 
are estimated to be accurate to + 30%; the main sources of error are 


incomplete evacuation of the cell between flashes, variation of y with 
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TABLE VI-IV 


Quenching Half Pressures for Excited Bismuth (torr) 


4 4 2 2 
State te 

1/2 P5/2 P3/2 We 
Wavelength (A) 3068 3024 2938 2898 
Xe >>100 >>100 55 E 
o0) if 17 8 9 
Ny >100 53 8 13 
0, 3 E 17 2 
Hy >600 E E 4 
CH E 70 50 =] 

> 

CoH E C C 7 
CoH, 1.0 30 30 dQ) 
co, 0265 ae 6 ee 


E Enhancement 


C Curvature 
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developing conditions, and the assumption that emission peak heights 
are proportional to emission intensity. 
The 4p 2p and 2p tat EB isle: i 
5/2? 3/2? 1/2 States o i lie in an energy 
region where many other states of atomic bismuth are to be found. 
Energy transfer processes involving the conversion of relatively small 
amounts of energy to vibrational and translational modes of the quench- 


ing molecule are therefore available. For example, the quenching of 


2 
the ET)? state by H, can take place by processes such as: 


2 
BitePe ie a -1 
= i(? a 
1/2 2(v=0) ———> Bi(?) + Ay (y=1) AE 624 cm 
ae 4.0 
4 } 
ee SENS Seon Ge 
AE = 4119 em 
te 2 
Enhancement of the transitions from the yi and Psy2 states by H, 


very likely occurs because of similar processes causing quenching to 
these levels from higher states. It is not possible to estimate the 
importance of quenching to low-lying states in the deactivation of 
these species. 

A different situation pertains with regard to the GGA, state 
observed at 3068A. There is no other state within 10,000 he below 
this level and only the are state lies within 8000 eine above. Com- 
plications brought about by quenching to the ale level from higher 
electronic states are therefore reduced since any observed quenching 
must involve the transfer of large amounts of energy. 

The only observed transition from the as state other than 


that to the ground state at 3068A was a weak line at 4622 A 
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( Pi/2 <= OS Quenching of this emission was qualitatively sim- 
ilar to the quenching of the 3068A line except in the case of added 
CoH. where the 46224 line decreased in intensity while the emission 

at 3068 A was enchanced. This observation, indicating an alteration 
in the relative transition probabilities for collisionally induced as 
compared to spontaneous emission from a given atomic state, has impor- 
tant implications with respect to energy transfer studies. Additional 
examples of this phenomenon, which has not been noted before, will be 
given in the next section sealing with the quenching of excited anti- 
mony atoms. 

With the exception of CoH. the similarity of the intensity 


ae ; F 4 : 
WeueBnereins alm jen jetoy IseveXs sesetoynl (elev 12 Stacerasmca suncilonmor 


ii ge? 
pressure of added gases noted in the above paragraph, and the absence 
of curvature in the plots for efficient quenchers as listed in Table 
VI-IV, imply that variations in transition probabilities are not 
important. 

A value of 2.9 nsec has recently been obtained for the life- 


time of the state of bismuth (120). Since it is estimated that 


Pi/2 
97% of the emission from this state is concentrated in the 3068A line 


(120) the reciprocal of the measured lifetime has been used as ke in 


the expression 


peas Ke snrt | 71/2 


: 74 . 
to calculate quenching cross sections for Bi( Paya): [X] 1 75 is the 
concentration of quencher corresponding to Paso and all other symbols 


have been defined previously. The results of these calculations are 
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given in Table VI-V, together with some quenching cross sections for 
other species which are included for comparison. Since no account 
has been taken of imprisonment of resonance radiation, the data for 
Bi in Table VI-V are an upper limit. The relative magnitudes of the 


quoted cross sections are correct. 


TABLE VI-V 


° 
Quenching Cross Sections (a7) 


3 a 
Hg ( P) 


Temp. (°K) 300 


Quencher 


H, 9.8 
0, 23 

Ny 0265 
co i 
CO, 25 
Xe 

CH 0.06 
CoH, 0.4 
CoH, 42 


a Reference (7) 
b Reference (74) 


c Reference (76) 


T1(2s 


1400 


b 
1/2 


ae 
Pb( Pp» 


1400 


13 


32.5 
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Ce 


300 


110 


620 

<<6 
<025 
<0.6 


330 
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2. The Quenching of Excited Antimony Atoms 


The UV absorption spectrum of trimethylantimony (TMSb) con- 
sists of a continuum between 2100 and 2400A with a maximum at 2250A 
(e = 1.0 x Tog A males cnn The spectrum, recorded on a Cary Model 
14 spectrometer, is shown in Figure 6-1. The species detected in 
absorption following the flash photolysis of TMSb in argon are listed 
in Table VI-VI. No additional spectra were recorded in the presence 
of Ho, CH,» CoHes CoH). GOMeor cO,. A dark reaction between TMSb and 
0, prechuded the possibility of work with this. gas. The states of 
atomic antimony which were detected in emission and absorption are 
shown on the energy level diagram (113) given in Figure 6-7. 

Observations on the mechanism of photolysis and on other 
characteristics of the TMBi and TMSb systems were qualitatively similar. 


Four atomic lines were observed in emission with sufficient 


intensity for quantitative work. The upper states involved were the 


eye state observed at 2529 and 3233A, corresponding to the 
ae age and ae transitions respectively. Quenching 


experiments were performed with 0.05 torr TMSb made up to 200-p torr 
argon and p torr substrate. Treatment of data was identical to that 
discussed for bismuth, and the errors involved were the same. Typical 
Io/1 vs p plots are shown in Figures 6-8, 9, 10. The data are compiled 
in Table VI-VII and summarized in Table VI-VIII in the form of quench- 
ing half-pressures where these could be measured. 

The pressure-induced variation in relative emission intensi- 
ties from the same state, first noted with bismuth, is demonstrated 
more clearly in the case of antimony. Figure 6-11 reproduces micro- 


densitometer trances showing the effect of added H, on the two lines 
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TABLE VI-VI 


Species Observed in Absorption in Flashed TMSb 


Species Transition A(A) Comments 
4.0 4 4.0 ° 
Sb( S372 Piso < $372 2301 Also at 21758 
ZO 2 2_0 
Sb( D379) Piso =< D3/2 2598 
220 D 2_0 
Sb( De) P3/2 D379 2528 
DEO 2. DEO 
eM ey E372 We soe 
DO 2. BS) 
Sb ( Paso? P 3/2 P3/2 3233 
Sb, (X'Zg) ie Re 6 2100 Reference (121) 
Sb cxtst) F+ X 2240 
2 g 
oo Gee) D< X 2900 
2 g 
(Cis! Bit ex 2160 
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40 


20 


32 


28 


24 
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FIGURE 6-7: 


3268A 
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Energy Level Diagram for 5b; a, states 
detected in absorption; €, states 
detected in emission; x, states not 
detected. 
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Quenching 


TABLE VI-VIIL. 


Half Pressures for Excited Antimony (torr) 


State 


fo} 
Wavelength (A) 


E Enhancement 


© G€urvature 


ir, 2 2ap ae 

2529 3233 2598 3268 
is 75 E E 
4 9 35 UL 
12 12 aS 35 
10 4 >>100 a5 
C 1 4 4 
c 0.3 2.5 2.5 
6 0.5 C 0.2 
3 3 2 3 
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2 ° x 
from the Pi/2 state. The shape of the 2598A line is changed by the 


° 


H. and the intensity is only slightly reduced, whereas the 3268A line 
is apparently quenched much more efficiently. Similar effects occur 


with CO and CoH). For the two transitions from the 2p state, this 


3/2 


effect is observed with H CO 


>? C He» and C 


ie at 

Distinct satellite bands were not observed with any of the 
Sb atomic lines but as shown in Figure 6-11, the line shapes were 
affected by added gas pressure. The absence of satellite bands ie 
probably due to the low intensities of the antimony transitions as 


compared to the Bi 3068A resonance line; the satellite bands could 


therefore not be observed. 
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3. Discussion 


When cross sections for the deuctivation of excited atoms 
are determined by studying the quenching of atomic emission it is as- 
sumed that, after correction for imprisonment, the probability of the 
observed transition remains constant. The observation of collision- 
ally induced emission from metastable states shows that this is not 
necessarily the case. The results of the present investigation demon- 
strate that collisional effects may cause variations even in the 
relative transition probabilities from the same state. Therefore, in 
quantitative quenching experiments where more than one terminating 
emission process is available, the possible role of this effect must 
not be overlooked. 

The mechanisms of the quenching processes studied here are 
complex and cannot be derived since the reaction products were not 
analyzed. Some of the primary processes however can be inferred from 
the nature of the intermediates detected. For example, the observa- 


tion of BiO in the TMBi-CO, system suggests that oxygen abstraction 


2 
A pes 

is a principal mode of quenching and in fact the reaction of Bi( PY) 

: dt . 2 li ae 

state atoms with CO, (X x) to produce BiO(X 7) and CO(X Z ) is sym- 

metry and spin allowed. Similar reactions with Bi('P,) atoms are spin 

forbidden but heavy atom perturbations may facilitate the spin inver- 

sion. The failure to observe SbH or BiH in H, or hydrocarbons is 

surprising since the hydrogen abstraction reaction would be symmetry 

and spin allowed and energetically possible (the Bi-H bond strength 


being 53 kcal/mole (57) ), and also since some states are quenched 


with relatively high efficiencies by these compounds. 
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In the cases of Xe, Nos and CO, transient formation must be 
involved. In fact, the appearance of satellite bands is evidence for 
the existence of these complexes. Quenching can then occur if favour- 


able potential surface crossings are available. 
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CHAPTER VII 


SUMMARY AND CONCLUSIONS 


The flash photolysis of DMCd has been used to produce cadmium 
atoms in their ground and excited states at room temperature. This 
photolysis has been shown to lead directly to the formation of ground 
state cadmium atoms and methyl radicals. All the DMCd is destroyed in 
one flash, and the methyl radicals recombine rapidly to form ethane; 
this is a clean source of Cd. 


The spectra of CdCH, and ZnCH, have been observed for the first 


3 3 
time. The observed bands along with their vibrational assignments are 
piven an lapves lll = hele Lire ive, Vin vel, eel 

The reactions between Cd and Zn atoms, Zn being produced by 
the flash photolysis of DMZn, and Br and I atoms have been studied. 
Kinetic data could not be obtained from the experimental measurements; 
however, the aon - xy spectra of CdBr, Cdl, ZnBr, and ZnI were recorded 
under the mild conditions of room temperature flash photolysis and 
these spectra afforded better vibrational analysis than could be achieved 
previously. The ee yok x75 components of the CdBr and ZnI spectra 
were observed and analyzed for the first time. 

The flash photolysis of DMCd in a hydrocarbon has been shown 


to produce excited ca(°P) atoms in sufficient quantities to allow 


3 : : 
quenching measurements. The mechanism of Cd™ production is 
F 1 
Cd + hy (2288A) ——> Cd( Py) 


af 3 
Cd¢ P) + Re Cd( Py). 
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The ground state cadmium produced in the flash photolysis of DMCd 
absorbs 2288A light from the photo-lamp and is excited to the 3 


state; the cd("P,) can then be collisionally dese tivated oy a hydro- 
carbon, or to a lesser degree by nitrogen, to one or more of the 3p 
states. It is also likely; therefore; ‘that He (7p) plays a Here 
cant role in the Hg("P,) photosensitization of paraffins. 

Absolute rate constants for the quenching of cae by a variety 
of substrates have been measured by monitoring the concentration of 
ca? in the presence of quencher, using kinetic absorption spectroscopy. 
This method requires a minimum of assumptions and the possibility of 
errors of interpretation is therefore reduced. The results are listed 
in Table V-I. The rate constants for ca? quenching by substituted 
ethylenes increase with the addition of methyl groups which are elec- 
tron donating substituents and decrease with the progressive addition 
of fluorine atoms which are electron withdrawing agents. Thus the 


electrophilic nature of excited cadmium is demonstrated. 


The rate parameters for the reaction 


ca? + Et —> Cd + Sit 


have been found to be 
10 = 
k= fi x 10 exp (-2300/RT). 


Cadmium ge has been observed for the first time in 
Cd* photosensitization and its role discussed. Equilibra- 
tion of cd" and ca° in several hundred torr of a hydrocarbon or nitrogen 
is rapid as compared to the rate on fiuorescence.. Lt as reasonable to 


assume that ca(PP,) is also in equilibrium with the other components of 
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the cadmium triplet although this could not be experimentally veri- 
s * * * 2 
fied since the transition fron cd P,) was very weak. Since the rate 


F fe) 
of quenching of Hg by ethylene is only a factor of two less than 


42 1 


i * * 6 aS, 
that of Hg , and the Hg - Hg splitting is 5 kcal/mole as compared 


to 1.6 kcal/mole for the Cd - Cd° splitting, it ids likely that’ the 


= 


ae : ; fe) 
rates of quenching of Cd and Cd by ethylene are very Similar. 
: * O 
Since Cd and Cd equilibrate in hydrocarbons and nitrogen, 


and it is probable that this spin-orbit change will occur in other 


. 4 . FAS ,O 1 4 -! 
gases, and since Cd and Cd are quenched at similar rates, results 


from previous attempts to measure Cd quenching cross sections are 
incorrect, although the relative values from these determinations 


should be correct. The previous studies ignored the formation of 


4 


O : ene ; ; : 
Cd and thus used incorrect assumptions in the calculation of the 
cross section. The results of the present study (Table V-I) are shown 


to be consistent with the non—vertical nature of the Eransi tion in 


° 


volved in the reaction between Cd and an olefin. Previous quenching 


cross section determinations obtained values very similar to those 


Je 
" 


obtained with He , a result inconsistent with the small energy content 
a * he 
of Cd as compared to Hg . 


MSb resulted in the formation 
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Flash photolysis of TMBi 


‘aoe 
3 
5 
a} 
4 
fy 
a 
oO 
} 
Y) 


of excited bismuth and anti In the course of the investiga- 


tion of the reactions of Bi atoms the previously unobserved 


)} state was detected by its E<.X, spectrum. Also, the 


BiO(X 2 


2 
per syo 


reaction 
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bt et CO 


te 


, * ee : 
has been shown to occur; in this reaction Bi may be Bi( Py) since 
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the reaction would then be symmetry and spin allowed, and no other 
doublet states are present in significant amounts. 

Apparent relative quenching rates of Bit and Sb. by some sub- 
strates were obtained from measurements of the variation of emission 
intensity with quencher pressure. Quenching cross sections for 
Bi CP, 15) were obtained and are listed in Table VI-IV. Possible com- 
plications in evaluating data from the other Bis states studied were 
shown to be due to the density of electronic states in the paiemaneec ide 


and the resulting possibility of reactions involving the transfer of 


small amounts of energy. A previously unobserved manifestation of the 


wt 


“ 


phenomenom of collisionally-induced emission was discovered in the Bi 
and Sb" quenching experiments. If an excited state displays two emis- 
sions to different terminating levels, the apparent quenching rate of 
that state can be different depending on the transition monitored. 
This is due to the fact that the transient van der Waals molecule 
formed has different transition probabilities than those of the free 
atom, and the relative transition probabilities of the two transactions 
from the same state also change. 

The quenching of excited cadmium, bismuth, and antimony atoms 
has been studied at room temperature. The appearance of satellite 

es 

bands in the interaction of Bi with various substrates such as Xe and 
CH). the variation in relative transition probabilities observed with 
antimony and bismuth, and the great similarity between the reactions 
of excited cadmium and mercury observed in the present study, as well 


as the observation of emission from excited metal atom-substrate com-— 


plexes observed in other studies, indicate that the formation of a 
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transitory van der Waals molecule is a general feature of the inter- 


action of excited metal atoms with substrate. 


i. 


16. 


yi 


178 


BIBLIOGRAPHY 


G. Cariovand).. Franck, @: Phystk, gl pea 2 ECLO2 Ss 

J. Ceritalvert and J, N. Pitts. Photochemistry, John Wiley and Sons, 
1060. Ch oo ele. 

R, J. Cvetanovit, Prog. tn Reaction Kin., 2, 39 (1964), Pergamon Press. 
H. E. Gunning and 0. P. Strausz, Adv. in Photochem., 1, 209 (1963), 
Interscience Publishers. 

A. B. Callear, Photochemistry and Reaction Kinetics, Cambridge 
University Press, 1967. Chows. 

A. C. G. Mitchell and M. W. Zemanski, Resonance Radtatton and Exctted 
Atoms, The MacMillan Company, 1934. 

J. M. Campbell, Ph.D. Thesis, University of Alberta, 1972. 

he Dpe Gunning, SS. Penzes, H..S. Sandhu and 0. Ps Sstrausz, 2. ayer: 
Chem 206.0, 91, 7084 (1969). 

A. B. Callear and W. J. R. Tyerman, Trans. Faraday Soc. , 62, 2313 
(1966). 

Ay Ba Callear and Ws.J. Oldman, Trans. YZoradavmcoc.,; 03, Meas slo). 
A.B. Callear and R. J... Oldman, Tans. Fargo, soe.5m0s, C40 41968). 
G; Stern, andi M.. Volmer, Paystke oc... 120,105 (1919). 

JV. Michaelsand.G, Yeh, de. Chem. nue. Dosa Oe 


Shigeru Tsunashima, Shin Satoh and Shin Sato, Bull. Chem. Soc. Japan, 


42, 329 (1969). 


M. G. Bellas, Y. Rousseau, 0. P. Strausz and H. E. Gunning, J. Chem. 
Phys., 41, 768 (1964). 
A. Kato. and Re J. Cvetanovic, Can. J. Chem., 45,1645, (1967). 


R. Payette, M. Bertrand, and Y. Rousseau, J. Amer. Chem. Soc., 90, 


Saal (1968)% 


oe hey i Bos 2 | 
inate tdi aah ‘iain etal 3 


= 7 - > _ 
ee 
_ * _ = 
suk ' ¥ > & : ' ae 4 OUP IIS ov é 
- 
7 - att ‘Y eome : 
; 7 - 
- Agree bre! ped po is eee - roelat 


Y .. “= ite . ee 
: —S a — Or s53 Nae -_ an en ak 
PER wines wd DEIN. 4 ; aah 


¢ Ay : 7 i, << 4 beoeuiel etemtt 4 eit" pling - - t “a 
| -_ ~/~ 
ie C med ee 4! avr +e ns pane ey " af 
——,. 
(8091), watt 7 # ee a 
i fy ae 


ced: 44, m0? hui See  eheiey? of wis bai’ 
| aL taper? 
Pe ee en ee oe tu 8 
060!) OO Abe et Giri » nines ah cnt a ow Ben vas al “ . 

Rese: oF > a a fm acd 
ee es ae ail Sell 0b 


gh . <— it pe oat ae 


179 


18. R. B. Cundall and T. F. Palmer, Trans. POPGAGU GOGn so.) tel) 
(1960). | 

| 19. Shigeru Tsunashima and Shin Sato, Bull. Chem. Soc. Japan, 41, 284 
(1968). 

20. A. B. Callear and R. E. M. Hedges, Trans. Faraday Soc., 66, 605 
(1970). 

21. A. B. Callear and R. E. M. Hedges, Trans. Faraday Soc., 66, 615 
L970) 

22. <A. B. Callear and R. E. M. Hedges, Nature, 218, 163 (1968). 

23. A. Be Callear and ‘J. Cy MeGurk, Cheam. Phyesletrene, (6; 417-(1970). 

24. <A. B. Callear and J. €. McGurk, Chem. Phys. Letters, 7, 491° (1970). 

25. A. B. Callear and J. C. McGurk, Nature, 266, 844 (1970). 

26. W. Ho Breckenridge and A. B. Callear, Chem. Phys. Letrers, 5,.17 
(1970). 

27. W. H. Breckenridge and A. B. Callear, Trans. Faraday Soc., 6/, 
2009" (L971). 

Qo el) BAS sad. niCem, Lye... 924-1720, (Lo7O le 

20. Je AJ Bellisio and P: Davidovits, J. Chem. Pye... 53, 34/4 (1910). 

40. Yo Rousseau, 0. 2. Strausz and) H, E, Cunning, J. Chen. Phys... 39, 


962501965) 


31. A. B. Gallear and R. E. M. Hedges, Trans. Faraday Soec., 66, 615 


C1970)% 


4, ok. Oy Wikte and Dy Je, LeRoy, Can. <<. ‘Chem, 250.595 K1972). 


33. R. J. Cvetanovic, H. E. Gunning and E. W. R. Steacie, J. Chem. Phys. 


SIR sey CRE 


7 - bee — 
. 7 “ie 
; a8S 40 2@esl ocd SAD GTS ,e288 ald? 


' a a 7 


— Se 


18 Aa , 2th vbows ee ee ae — leh 

: c= ores) 

ély (38. tt guile cca ,2epiet .2 -3 iA tia sete 3 
—_— . AY 7 

’ 7 s over : 

' S 

“ib. eee 

KU ei) tal SES e = ess o  aogbal of off a eu) in - aS ; 


(OTOL) - TEe veviteh .aght emat) ptrion .2 6 : Bie raslisd . 


e* . & we! ® We. 


= : a 
efep) me 5 .4esed 9g et) .driitoM .O .T Buna teelied ; TH 


OTUr) ad Pe aa rae, ‘ fr1gu00M 2 a 60s xaetted a x = 
[ck 2 pwanies out Jpetd (saediey .c VA fan sgbrinatoa rt inlw yr . 
Z 7 
a : (ONeL) 
ci? ,-28% gpubpend are 180! fe). .4@ «4 hrs eghlinsuse2a am + - 
_ 

titer) ‘coos 7” 
(OROE) AIL , te, ey .sekd 1D e078 <a - 
OTe) BT2L 62 , oy ames LY eat yahivell , $ boa Giali ied: AY t 
. ae .aatosd 2 if Gee sapiass2 .T 6 oa att 
; - eae sae _ 

a 
214 22.008 GRO sea avgiadd 7 Jt tas ‘“gasttad “a4 Ie- 
,¢< ak. - i ps . 

ABRRAD E ee. Sy -steetS a ed pyrdiad, CO Seats — A Se 
’ aars —_ 79 istasost a a 4 ton gabmws *. a wes 


180 


34. 0. Oldenberg, Z. Phystk., AT, 184°(1927)3 4977009" (1928); 50, 
ESO (1925)2-50, 42; 005 (1928 idee C1929) 

oo. W.-M. Preston, Pays. Hels. e201 C1930) 

JO. H. Kuhn, Proe: Roy. Soc. Als8, 2127°(1937). 

37. O. Jefimenko, J. Chem. Piyew. 09, 2457 (1963)% 

38. Y. Leycuras, J. Quant. Spectrosc. Radiat. Transfer, 6, 131 (1966). 

39. J. Fiutak and M. Frackowiak, Bull. Acad. Polon. Sei., Ser. Sct., 
MOH.) Astron, Flys. ll, 175, (1963). 

a0. A. Jablonski, 2. Physik. , 10, 732 (1932). 

ai Netth J- baldion, i. Chem, Phye.ig 10, S45. 455.1942). 

42. J. Szudy, Acta. Phys. Polon., 29, 605 (1966). 

43. een en and Mo Takeo, fev. Mod. Faye... 295) 20m(1957)). 

44. A. Michels, H. Dekluiver and C. A. Ten Seldon, Phystca, 25, 1321 
C1959). 

45. S. Penzes, 0, P. Strausz and H. Ey Gunning, 7. Chem. Phys., 45, 2322 
(1966). 

h6, eG. G.rreeman, M. J. Metvan, Re ih ©. Claridgesandal., fo fn ldipe: 
Chem. Prive. Letters, 9, 5/6 (971). 

a7, C,-G. Preeman, M. J. McEvan, R. F.C. Claridge and’ L.- 2k. Phillips, 
Trans. Faraday Soc., 6/, 6/7 (1971): 

48, P.D. Morten, C. G. Freeman, M. J. McEwan, R. F. C. Claridge and L. 
F. Phillips, Chem. Phys. Letters, 16, 148 (1972). 

49. John R. Bates and Hugh S. Taylor, J. Amer. Chem. Soc. 50, 771 
C1925). 

50. John R. Bates, Proc. Nat. Acad. Set., 14, 849 (1928). 


51. E. W. R. Steacie and Roger Potvin, J. Chem. Phys., 7, 782 (1939). 


a 2 yacndy eos 


ing Aeepy A ie geared ct 


(202) Bee At Taal sons 22s 


= 


ein ZSS a ca oA Phos we Hy | BE. 


er 


RRR TRAE ME, 0g om Ot “olemata 30 NE 


A 
lage } iLi Pr 4 ey wat eee stank saantoefe ae od fi. ne ; 


y 


> 


.. 3a ee | SRR Len4G “Seon o wt aintwotoast oT tone desu «1 pe — 


aan) evi fk a est msah , Aa 


_ 
a 7 


TECRAY GEN OF . Kayes bienatiiat, 4B 
4A 2h) € ght OL « a end. 7" Ps ae 


TeeGt) SGd eo , Mob oT ways tak yebue®” i 


a 
7 
bd » 

(VERE) GS 2Os «age he Joe, _odstet ” Laz stad an S 

ESEL 5 eae ,AOhEe? ast .2 . bas soriattet’ a atodsiM a * be 
a e 


eaety a 
TAE® (46). eet ee) LS pean .2' 2 tas eanasse Ae 6 b eae ne 


segUlii® <4 «it eee eghitalS...5..3 2 aatiol «i ot pe 
~ (Every ete .& ,etettol as = 

(eqkriidy -o 1.2 bee eghieals. .5 4 2 sation 1 Mame meet 208 ae 
20) TO Le. whoa ane 

t hae qh ety .5 ‘TS nats 0M dantent sod oe 


PS > a“ Oas aL se ogi om man ,ouht Dba a 
- fessel 


a 


_ 


a0 Qe ue ‘ales Sak, t. Stoigat 7 tag te 


; ae ee a te Oe ‘ &= 
7 pay i. ae 


$tesiay ene ve pte een tak _ 


5 caw oni eal ae vaso 


a 


52. 
53. 
54. 
55) 
56. 


ows 


5 
See 
60. 
61. 


62. 


63. 


64. 


62% 
66. 
67. 
68. 
69: 
70. 
les 
72. 


73. 


Lot 


E. W. R. Steacie and Roger Potvin, Can. J. Research, One do 21935). 
E. W. R. Steacie and Roger Potvin, ae J. Research, 18B, 47 (1940). 
Paul Bender, Phys. Rev., 36, 1535, 1543 (1930). 

Leonard 0. Olsen, J. Chem. Phys., 6, 307 (1938). 

E. W. R. Steacie and D. J. LeRoy, J. Chem. Phys., 12, 34 (1944). 

G. Herzberg, Molecular Speetra and Molecular Structure, I. Spectra 
of Diatomic Molecules, D. Van Nostrand Co., Princeton, N.J., 1950. 
H. €. Lipsenyand. C..C. Mitchell, Pie. Rev.s.48. .625,(1935). 

E. W. R. Steacie and D. J. LeRoy,.<., Chem. Phye., 11,164 (1943). 

P. Agius and B. deB. Darwent, J. Chem. Phys., 20, 1679 (1952). 

S. Tsunashima and Shin Sato, Bull. Chem. Soc. Japan, 41, 2281 (1968). 
Shin Sato, Chiharu Takahashi and S. Tsunashima, Bull. Chem. Soc. 
SODA sus Sein 3194 (1970) 2 

S. Tsunashima, Shun-ichi Hirokami and Shin Sato, Can. J. Chem., 46, 
0958 (1965). 

Shun-ichi Hirokami and Shin Sato, Bull. Chem. Soc. Japan, 43, 

2309 (iF sO) 

S. Tsunashima and Shin Sato, Bull. Chem. Soc. Japan, 40, 2987 (1967). 
S. Tsunashima and Shin Sato, Bull. Chem. Soe. Japan, 41, 284 (1968). 
S. Tsunashima, Shin Satoh and Shin Sato, Bull. Chem. Soc. Japan 

R. J. Cvetanovic. and A. B..Callear,../. Chem. Phys.,.23, 1182 (1955). 
HeinrichsE.< Hunziker, J. Chem. Phe. , 50, 1288 (1969). 

B. lu. Kaleraaand A.jR. Knight, Cay. os Chen shore lJ joel ov 0) 

Ba Le Kalra and A. BR. Koight, Con. J. Chem, 50; C1972). 

D. BR. Jenkins, Proe...Roy., Seca, AZ93,9493 (1966). 


D. R. Jenkins, Proc. Roy. Soe. A303, 453 (1968). 


— . v4 


ae am | 
cpceny te “BL Bomamest te saad: | er Ae ae 
ae a ; 
Ooety TS BL aerenvea Ppa stones? AMS 38 
| toners CARL .gReL 26 1s ogi ,2shdeg Iuet” .82 
ORE) woe 50S ret) wad a pl 

ee a Ak gualied i nin a 
wie .1 witout. <bsmateh oem: witesck aie wiodenat = | 
.O2@E ,.t.% weregnds4 8 bner sant sat fi costa sbmaasit — 

-(C2EL) GEO HR y. rah eg@tt pliedoste #59 bas a ough. Bi _ 
EDEL) OAT LE oth, soy Ss pgant <1 r bas stanes2 x we. e : 


: - 


(S205) CTal ,05 |, mt erga ‘ lial ais - bas wee 0% 
-(O60L) DSSS .f4 eget .coh aed) ste oan ‘aba ‘bam extianaueT atid 
208 <ee> 4 1 ,patinareeT .& bee iseadndst weraitttO ote’ 1 a ian 


rage 


; / «(OeE) eres Eh 


7 
2) , way .% 20m ogee? wld bas gener bio! <a -amideanuel 2 a 


rs 7 9201) 2 a 
Lb tag uch ee Te joted nict Gas Remote stak~aunla “ 


: ave eb . 
; As ; . ioe 
(10RD) TREE .0) pegs .cc ‘ants ike chad he ti eatdeamiaT 5 a 


(Smel) aes 1s , wee .ee mat) ta. vos ez ~__ bow exisianqwel te 
~*~ a) 4 ” 4 
Meee 1628 mat Siwa ,ovat ade alent war beltoumel .2 aM 


_ 


tt = 


(0G) SOW 65 hs meat) b tae ied ot * 


« (#381) ‘ae Cf + gt 2 cee 


se 7? a _ 
Bide coat fb, rota, oh ra ar 2 


Ase Gn Sos state Py’ ma 
= oe oe 9h 


74. 
te 
7G. 
78. 
78. 


Ee ic 


80. 
oa 
82. 


OS; 


84, 
85. 
86. 
ST 
88. 


89 


oa 


or 


O28 


93. 


94: 


Beam: 


Js As 


182 


* NWenkins', Process thous s0G<4 A303, 467 (1968). 
- Jenkins, Proce. Roy. Soc., A306, 413 (1968). 
wenkins, Proc. Roy, Soc., A313; 551 (1969). 


- Jenkins, Trans. Faraday Soc., 64, 36 (1968). 


Balewicz and T. M. Sugden, Trans. Faraday POC 4050 1958). 


Bellisio, Ps Davidovits and Ps JSiKindiman, J. Chem: Phys. 


48, 2376 (1968). 


DrvA. Mecrilis cand LiswkKvause, (Pie. eheve, 1535 44°(1967)'. 


Re Ge WovNorrish and @. Porter, Nature; 164,658 (1949)% 


Gea. Portenstevec shoy.. Socns eA200, 2254541950). 


Géorge Porter, Technique ef Organte, Chemistry, Vols VIII, pare il, 


fo Gass e 


Rasa. WaeNotrish, Chemvsetry tn Britain, 1, 289 (1965). 


Tigo. 


Godfrey and G. Porter, Trans. Faraday Soc., 62, 7 (1966). 


N. ‘Basco and K. K. Yee, Nature, 216, 998 (1967). 


NieBaseo and K. K. Yee, Specs Letters, 15°139(1968). 


M. A. West, private communication. 


A. Terenin and N. Prileshajewa, Acta. Phystochemica U.R.S.&., 1, 


759: M1985) e 

H. W. Thompson and J. W. Linnett, J. Chem. Soe., 790 (1934). 

H. W. Thompson and J. W. Linnett, Proc. Roy. Soc., A150, 603 (1935) 4 
A156, 108 (1936). 

E. W. R. Steacie, Atomic and Free Radical Reacttons, Reinhold, New 
York, 1954. 

J. A. Kerr, Chem. Rev., 66, 465 (1966). 


b Anderson. atidels, Afetaylowed, Phys. yenemmegoG, 498 (1952). 


aa. 7 a paca by nS 
7 - ebay | . 7 ras — AG 
—_- ban: 1 Papen) ‘ee. se 

oe 


~ Seana tae aoe: in. Ad 
 20U} rece et ict - a ist ao aR 
ie ey 
- €85EL) BE “BB ¢ soe waoet Sa : eat al a at 


7 La 


(Cer) TES 82 one gion’ sana iibgut = ane ents bitin 
OS ek) jain A beak dxtvot vad _ te tts Me 4 a 


taney ate ga 
(eth 4@ fet te — nical peice 1:08 fe 


—— 


4 
sal 
7 
a 


.2ae,) Ge .hOl pees wepaot 2 Gan detsr0u My ‘ees. te 

(ee: 2 ABS <DOSA , eee ae Dent 2059000 59 tou 

ff stag ,TE2V cio? ,gttskeee cir 4 eapielaet tesre? ‘iss We 
| =>" my a 

‘ Gtaes) Q6o .f .wxotssh a2 yee, * delved ww we ae ae 
<C3OREy FSO oe giles seer Tl jrertod .5 Ban ‘yostb00 2 ae ee 
.CiaeLy. nee Sik ,wutsh ,asT <3) 6% Got otand | “a o 

~(0a0t) Sf ft .weeseul yewge . 297 0 as cea me s 
-aoltaclqummes atevidwg ,jeek ro a8 


of 4 .%.8.4.0 onbewiorow .orok cus fieesit7d @ one ee - 7 


-_ - - . (erety. 8% oa 7 
seers? oe. We * AS «% tisantt Pi ‘hae eceqmnct Wd - 


(Geer) egy (Sei6 » een” ood iteerks Pe 


. ——s : emabes) BOL eth 


weit sniodates . ee Teetesa wert Ss anc dle a deal a 


a ie : aa > 


Yr 208 af 


95. 


96. 


oT. 


20. 


a9. 


100. 


cor. 


TO2 


140 8) 


104. 


LOS: 


106. 


LOZ 


108. 


109, 


110. 


183 


W. Finkelnburg, Kontinutewliche Spektren, Springer, Berlin (1938). 
C. H. Kohlmuier and B. §. Rabinovitch, J. Chem. Phys: ,” 38, 1692 
CIG3)° 

P. J. Young, R. K. Gosavi, J. Connor and 0. P. Strausz, Chem. Phys. 
Letters, in press. 

A. Shepp, J. Chem. Phys., 24, 939 (1956). 

P. Pringshiem, Fluorescence and Phosphorescence, Interscience 
Publishers, Ine., New York, “1949; "p. 102. 

Deas Grover sand’ H.1G. Bryant, J. Phys. Chem., 70, 2070 (1966). 
R. A, Holroyd and T.°E. Pierce, J. Phys: Chem.4 65; 1592 (1964). 
No Le “Ratand™and R.Pertel, o@. “Amer Chemsoc. , 8/7, 4312 (1905). 
(a) *Dey, Horpe, "ha"? Cosavi and”O."Pi Strause: oetChen. Frye. 
A8, 3140 X L968). 

(by) GrGreic,. HW: BE. Cunning and 0. P. Strauss, <).cuen. vive, 
2, 008 AN O7 0). 

(c) G. Greig, H. E. Gunning and 0. P. Strauszy 7. Chem. Phye., 
22, 4569 (11970). 

K. Wieland, Helv. Phys. Acta:, 2, 46 (1929). 

M. M. Patel, S. P. Patel and A. B. Darji, Indian J. Pure Appl. 
Piven jd, 020 (1967). 

Ho @. Howell, Proc: Roy. oc., Allez, 95 (1943). 

C. Ramasastry and K. R. Rao, Indian J. Phys., 20, 100 (1946). 

6 A. Helier and H. A. Taylor, J. Chen. Phye., 57, 226 (1953). 

F. W. Byron, Jr., M. N. McDermott and R. Novic, Phys. Rev., 134, 


A615 (1964). 


D. R. Jenkins, Trans. Faraday Soe., 64, 36 (1968). 


. (BERL) adrsan ragetyge a 
seat .8& stig | a 


ge. sami ,geuass2 = .0' bas sonwe> .L <tvaned 
7 a 


e® ’ 
% 


; ak = s 
Oe ae 
~ Oshaeeny Re Ved a. a sel: Se yqqetlt <A 


sono lowrsInl seaenenineecente ute snascavtpss cnneaen Se pe 


Sen 
»£6L. @ <eher' garey wok vient cessanntt 
a 
(aay it} OfOS .OF , mee ohh Gl saecrd ar) ‘fers sav0%9 as 


(adel) SEL .6a , eS .cglt 4 potret? 4 bine radhaaie roe - 
bised 7 


| aan 
(2000) cs ,18 ) ce ome ek .S Inset SB bas tented VI 


2. re 4 encase . 2 .0 tad fveecE MX .8 -aatoli Gud to, stat 
io eaery Bat | gh = 


a ee oe a. nt gazormS.. «3 it ares a tw Aas 
AOtery 2e3t se _ 


. wee eS. ceeed oD 0 One grbanwd +5. gies oe oe 
afores) gate , it 7 7 nA 


re 


7 


Aeet) °:L , etek APS Sled | baw a > a, 
~eah ie .% ane, ie A A A inn. isast se aie a OL 


a  Asoney ae gt 
AEARLp OF BEA se ts sites ae 802 
~ORROD) Gr. OS eS : nti: saat one ai > tt ia 


or 2- 
Keene occ fe e +96 vate ee talent hie 80. : 
rite a ay : fais laa zi tt # Vath a oor 


es, 


2 


PES. 


114. 


hia Bae 


LG. 


fe BY 


116. 


Or 


ZU. 


ted. 


184 


A. Kuppermann and L. M. Ruff, J. Chem. Phys., Si 5. 249741962). 

J. M. Campbell, H. E. Gunning and 0. P. Strausz, Can. J. Chem., 
Al; 3709 (3969). 

Nats Bur. .ocand. (U.e.), Cires, 467 (101). (1958). 

N. K. Bridge and H. GC. Howell, Proce. Phys. Soc., 67, 44 (1954). 

R. F. Barrow, W. J. M. Gissane, and D. Richards, Proc. Roy. Soc., 
f300, 496) (19657). 

D. Guy, J. Grumberg, M-O. Faucheux, and L. Hermon, C. R. Acad. Sct., 
B266, 1020 (1968). 

O.yJétinenko and W. Curtis, 7. Chem. Phys... 27, 953° (1957). 

Fe Mtesiand A. lL. Smith, <. Chem.@rnys., 45, 994°(1966). 

Ro Pa Hampson, Jr.,,and HB. Okabe, J. Chem. Paves, 22, 1930 C1970). 
Pal. Cunningham and J.-Ks Link, <<. Ope. .oec..sirer,., 47), 

LOOO (1967). 


@.eNakamara and fT. Shidei, Japany J. Phys., 10, 11 °(1935): 


-  OROH) 4s 58 » 08 yet ee fie: 0 aes a 
ee ee eer 

" ; +g Aktoeep cee .o00m 
,.o88 Boek 4.) ,eoetre .. ioe cet 10M RI he 
i pone (bee 2288 “- 
S201) E22 ,3S oma mi) le whe) bos Grind, a Aa 
(0OMk) 300.22 cag oe  vtrhe® td A hoe it & BY . 7 
CORGK) GORE 2F esaigl mT le eed ell heen gat gmomgentf «Xl oe 
Ay) Lah eth gd Sy iekD.2..1 bee sadgaheed stad 08k 7 

.(vaen) COOL = 


> 


— 


ACRE) LE OE gn creel gbabadt, «7 ———- Ash 


To a ee 6s & 


185 


APPENDIX 


Kinetic Treatment of Coupled J States for ca(7p) 


Given the reaction scheme 


* 
Cd eer a (Ce ete aN ke 
* 1 
Cade xX de x ky 
* fe) 
Gao ——— Cd) ee i ky 
CEP Oe ay kg 
fe) t 
Cd + X——> Cd + X ky, 
d[cd"] * 2 
eS n . : oe om (e) 
aE k, [Cd } + k, [ed 1[X] + k, [Cd (‘J k, [cd 1[™] 
d[cd°] O O * 
~ aor eae = k,[¢d }(M] + k, [Cd }(X] - k, [Cd Jiatie 


* 
For the Cd quenching experiments described in Chapter V, X corresponds 


to the quenching gas and M is CH Rigorously the terms in M should be 
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Siete Dut. aoe ire 40. Cie erder-or 10s this is negligible. Taking 


the derivative with respect to time of each of the above equations, 


after suitable substitution the following equation is derived: 
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Assuming a solution of the form [Cd°] = Pane substitution yields 


(x? uO oats pene = 0 


h = h 
where b ke + k [Xx] + ky DM) + kD] + k [Xx] 
<a 2 
and c ke k. 3M] Ey kek, [X [Se kK k, [M][M] + kjk, TX 4 Wa ky k XI IM]. 
Dividing by the non-zero term at the roots of the resulting equation 


aise 


oe — 


-b rly? - 4c 
2 


Therefore 
hed les ete 


where r is defined above. 


In[Cd°] = rt 


d(in|jCd*]) }) an iv dlCd a) = a(rt) 
dt rea | dt dt 
Therefore 
-d[Cd® ] io b tp? are [cae] 
dt 2 : 


No further meaningful reduction of the above equation is pos- 


sible. Using the experimental facts that k,{} {] and kM] are much 


larger than Kes k [x], and k, Od various numerical evaluations of the 

above equation were accomplished. If ky = Kye decay of Cd° is equal 

to ke = kD. If k, = 0, the data of Chapter V must be modified by 
- 4 . 


a factor approaching ka/ (ky “+. k,). 
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